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Abstract 
Cartridge products have been used in underground applications since the development of 
dynamites from nitro-glycerine. Their ease of use, in both large and small quantities, make 
them ideal for use in underground development mining. However, the amount of gases 
produced by early day cartridge products proved to have safety and operational limitations. 
Formulation improvements have reduced the risk of premature detonation due to sensitivity, 
yet the presence of toxic nitrous oxides (NOx) and carbon monoxide (CO) gases still remain 
as nitrates continue to be used in the formulation. The levels of NOx and CO gases produced 
have a marked effect on the length of time taken to re-enter underground mines following 
blasting activities. The non-producing time when the toxic blast gases are clearing from the 
underground environment is known as re-entry time. Utilising an explosive product which 
has a nitrate free oxidiser, and/or a carbon free sensitiser has the potential to reduce the 
production of toxic gases, and therefore decrease the time required for these gases to clear 
to enable safe entry to the mine for personnel. Reducing non-production time directly leads 
to an increase in available time for active work per shift, thus contributing to rapid 
development. The mining industry consistently desires a positive step-change in 
development practices to enable faster and safer access to underground deposits; and thus 
achieve ramp-up production much earlier than is currently possible. 
 
The objective of this research is to evaluate and better understand the potential application 
of innovative explosives (NOx free and reduced CO) to minimise or eliminate re-entry times 
which can support rapid development practices. Key tasks to achieve this objective included 
developing an alternative explosive characterisation program coupled with ventilation 
modelling analysis through improved algorithms. 
 
As part of the characterisation program, a total of twenty-six (26) unconfined tests were 
completed in order to characterise the performance of newly-developed explosives. Of the 
26 test samples, seven failed to complete full detonation of the charge column. Seventeen 
(17) different product formulations were tested. All 26 test samples had critical diameters 
which ranged from 20 mm to 25 mm for products sensitised with gas to 0.49 g/ml and 0.9 
g/ml. Non-ideal detonation behaviour was exhibited by all products tested, in that the velocity 
of detonation (VOD) was influenced by the density and the charge diameter. Detonation 
velocities ranged from 1,950 m/s up to 3,950 m/s for varying densities and diameters. High 
speed camera technology was also used to study the detonation process, producing images 
and information not previously available to industry.  
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Another important component of this thesis was to model and quantify the potential benefits 
of NOx and CO reductions from these new explosives at an operational level.  In order to 
achieve this, ventilation modelling using an improved algorithm was conducted. Simulations 
included a relative comparison of a typical ammonium nitrate emulsion product and the 
newly developed peroxide based alternative explosive. This work is the first time this type 
of relative comparison is conducted with a widely used and accepted ventilation modelling 
package. Through this desktop study, the author was able to identify some deficiencies in 
the embedded algorithms which led to the development of improved algorithms.  
 
In this work, three different ventilation models were run to evaluate the impact on re-entry 
times due to contaminant dispersion rates in single and multiple headings. Models were 
based on a working underground mine in Southern Africa, with known re-entry times from 
time studies conducted at varying stages of development. Data from this particular operation 
was used to calibrate the model. 
 
Overall results showed that with the use of an alternative hydrogen peroxide (HP) based 
explosive there is an average potential reduction in re-entry times of 13% for both single 
heading and multi-heading operations. The total carbon monoxide concentrations through 
the use of HP alternative cartridge explosive products is reduced on average by 50% 
compared to a typical AN based underground emulsion product. The total nitrous oxide 
concentrations are eliminated. Further optimization work that accounted for the possibility of 
reducing the number of blast holes in a face due to the higher available energy per weight 
of the HP product when compared to the AN emulsion, showed further improvements to re-
entry time. Re-entry times decreased by 27% and 32% in single heading and multi-heading 
operations respectively, with a 62% reduction in carbon monoxide. 
 
The findings from this modelling work are unique and significant because any reduction in 
re-entry time can result in an increase in available production time. For an active 
underground mine, this translates into an effective thirty three (33) additional 12 hour shifts 
of work becoming available per annum in a single heading operation; or twenty-eight (28) 
additional shifts becoming available in a multi-heading operation. As discussed earlier, this 
can enable faster and safer access to underground deposits allowing ramp-up production to 
be reached much earlier having a direct positive impact on Net Present Value. 
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CHAPTER 1 - Introduction 
 
Introduction 
 
 
This chapter provides background and discusses the potential value of 
introducing alternative explosive products to minimise re-entry times in 
underground development applications. A particular focus is on their 
application as an enabler for safe rapid development of existing and future 
projects.  
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1.1. BACKGROUND 
Underground mining has a strong focus on the availability of machinery, and the active 
production time on development faces. With the world’s supply of shallow easily 
accessible ore bodies declining, the trend towards deep underground mining is 
dramatically increasing. The focus on maximising production times is now even more 
important, particularly in reference to decline development, as the availability of this 
single heading and the speed at which it is executed can greatly affect the medium to 
long term mine planning schedule. If the decline development falls behind, then the next 
production levels to be developed also fall behind schedule and the access to valuable 
ore delayed. Consequently, there is a stronger focus on faster development mining 
cycles.  
With the development of new explosives technology potential exists for application in the 
underground environment to enable faster mining cycles. Current ammonium nitrate 
based explosives produce nitrous oxide (NOx) and carbon monoxide (CO) through the 
explosive chemical reaction. New alternative explosives technology have can reduce or 
eliminate these toxic gases. The objective of this research is to evaluate and better 
understand the potential application of alternative explosives (NOx free and reduced CO) 
to minimise or eliminate re-entry times which can support rapid development 
applications. Rapid development is an increase in productivity by maximising face 
utilisation without compromising safety (Dunn 2004). In the current mining industry, rapid 
development is being achieved through a combination of the following: 
• Automatic drilling equipment, including tri-boom drills;  
• Firing longer rounds (>5m in length); 
• Rapid setting shotcrete; 
• Emulsion for all blasting; 
• Electronic detonators for improved timing; 
• Independent firing of priority headings; 
• New software technology for optimal scheduling of development faces; 
• New equipment technology for trucks and loaders 
• New equipment technology for drill and blast; and 
• A highly multiskilled workforce, dedicated to achieving maximum production rates. 
Through the assessment of time-study data, one process which heavily contributes to 
reduced production time in underground development drives is the re-entry period 
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following blasting. Re-entry time is critical to safe underground working conditions, as it 
stipulates that no personnel are permitted entry into any heading with post blast fume 
concentrations higher than then the recommended short-term weighted limit. Generally, 
most active development faces have not achieved infrastructure standards that can be 
relied upon to provide primary ventilation. It is necessary to depend upon secondary 
ventilation as the core system by which development headings receive fresh air. Even 
maintaining ventilation quality standards at the face (i.e. minimum 3.5m3/s air quantity 
(Safe Work Australia 2011)), does not guarantee a quick and timely re-entry due to the 
distance between the development face and the closest primary exhaust. In a 1976 
study, Golder Associates showed that a 10% loss of shift availability can be attributed to 
re-entry time. As the world’s mines get deeper, pressure on the ventilation systems 
increase as do the re-entry times for each blast. Changes in mining technology and 
methods renders these 1976 results outdated, and presents the opportunity for a new 
study to be completed to quantify current re-entry times. If the lost time from re-entries 
can be turned into production time, then value for the mine is created.  Finding a cost 
effective and safe solution for reducing or eliminating re-entry times has a potential 
business case. The use of alternative cartridge products, nitrate and carbon free 
explosives, could present a feasible solution to this problem. The absence of the nitrogen 
and carbon elements will inhibit the opportunity to produce NOx and CO, the two species 
that are of most concern here for safe re-entry to a development heading. 
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1.2. RAPID DEVELOPMENT 
Rapid development is a broad term used to describe any mining method that enables 
underground development to advance as fast and as cost effectively as possible. A focus 
on safety and environmental standards still exists as well as the need to maintain a stable 
geotechnical environment. As such, rapid development is often seen as an enabler to 
realising a higher return on investment. The lower costs of development due to 
maximised advance rates enables production mining to come online earlier and the 
realised value not affected by discount factors. Essentially, bringing cash forward for the 
operation. The project is able to obtain ore value quicker than if standard development 
mining was used. 
  CURRENT INDUSTRY PRACTICES 
Rapid development has been achieved through the use of longer development rounds. 
Mechanised mining rounds are usually in the range of 2.8m to 4.0m, compared to the 
round lengths used in current rapid development being in the order of five metres or 
more. Figure 1.2-1 and Figure 1.2-2 illustrates a standard round and a long round 
respectively.  
A standard round mining cycle consists of: 
1. Drilling the round length with mechanised jumbos; 
2. Priming and charging the round with explosives (commonly ANFO or emulsion); 
3. Tie-in of detonation sequence and firing of round; 
4. Mucking the round clean with mechanised loaders (Load Haul Dump, LHD); 
5. Mechanised scaling of the freshly fired rock with a jumbo or purpose built 
equipment; 
6. Installation of ground support (bolts and mesh or shotcrete) 
7. Repeat 
These steps are illustrated by Figure 1.2-1, which is a section view of a straight 
development drive over 12m. The sequences commences with drilling the RHS round 
(dark orange block), and then repeating for the yellow and light orange rounds. 
Therefore, 3 rounds to complete 12m of development drive. 
Any method that will speed up this process and enable higher mining rates is considered 
as rapid development.  
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Figure 1.2-2 is a section view of the long round mining cycle over 12m. It mirrors the 
mining cycle of a standard round mining cycle, however it only takes 2 complete cycles 
of long round mining to complete 12m of development drive. Even though each individual 
process/step will take longer for long round mining, i.e. Step 1: It will take more time to 
drill a 6m round compared to a 4m round. The overall cycle time for long round mining is 
quicker than standard round mining. The increase in round length results in less 
machinery movements in-between each process and less production time loss. The 
increased tonnages from long rounds increases the machinery utilisation within the 
processes, again leading to reduced production time (Chitombo and Trueman 1996).   
 
Figure 1.2-1 Standard round mining, over 12m 
 
Figure 1.2-2 Long round rapid development over 12m 
 LIMITATIONS OF CURRENT PRACTICES  
Long round mining has limitations. This change in mining method from standard 
development mining requires extremely competent ground, and alterations to 
mechanical drill setups and drill patterns (Chitombo and Trueman 1996). Firstly, the 
boom configurations of a jumbo drill need to be increased to allow for the longer steels 
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required for long rounds. This then presents an issue during the ground support cycle, 
especially when bolts and mesh are being used. To install a competent rock bolt, a jumbo 
boom needs to collar perpendicular to the ground (Byrnecut Australia 2015). This is 
impossible to achieve with jumbo drill booms setup for long development rounds (~6.5m 
boom including steel, drifter and hose reel (Dubois 2017). Without any added technology, 
it is impractical to assume an operator can accurately line-up rock bolts visually over 7m. 
Therefore, a second bolting rig is required, with a smaller boom configuration setup for 
purely bolting. To enable strong working efficiencies, the mine must have the 
development headings to then sustain these separate boring and bolting jumbos.    
Other long round limitations suggested by Chitombo and Trueman (1996) are: 
• Suited to strong (UCS 90-216MPa) rock with low seismic absorption and specific 
gravity (SG) <4.9; 
• Suited to mines with a large number of free faces (~25 for 5.1m, ~65 for 7.5m 
rounds); 
• Declines at 12o decline/incline or in a corkscrew not practical.  
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1.3. DRILL AND BLAST TECHNOLOGY FOR RAPID DEVELOPMENT APPLICATIONS 
Several future state concepts for drill and blast are enablers for rapid development. 
These are: 
• Drilling: Technology advancement that allows explosives to be loaded as the drill 
steel retracts 
• Blasting: Explosive formulation advancement to eliminate fume producing agents 
• D&B Process: Match the explosive properties to the ground conditions/type 
• D&B Process: Substitute with rock cutting technologies 
• Loading: Use of remote automated or autonomous loaders during long rounds to 
reduce the machinery movements 
To employ rapid development, there needs to be a focus on increasing cycle time 
utilisation. This can be done by assessing the various contributing downtime factors 
associated with each machine. For the drill and blast cycle, a downtime factor with 
significant impact on the overall cycle time includes the machinery movements between 
the headings. There are also restrictions of machinery movement in long rounds for 
example, due to safety procedures not allowing any personnel or machinery cabs from 
going under unsupported ground.  
In addition, a downtime factor that also contributes to delays within the drill and blast 
cycle is re-entry time. Reducing or eliminating the re-entry time will lead to a direct 
increase in available production time. This affords the possibility of increasing the 
productivity of development cycles assuming utilisation remains constant, regardless of 
round length. Chitombo and Trueman discussed the long round mining cycle times used 
in Sweden and Canada in 1996. Stating that all the faces are blasted at midnight, and 
then no work is commenced underground until 6am. This was ample time for the blast 
fumes to dissipate, therefore when the new crew started at 6am there was no time 
officially contributed to re-entries. However what is not taken into account is the 6 hours 
of non-productive time. If a fume free explosive product enabled the minimisation of re-
entry time, then the crew shift rotation could be adjusted for more producing hours, 
thereby reducing the non-productive time. Even more pertinent to this point, is that this 
report is from 1996, and the drive for production and hence 24hr mining operations has 
increased since then. In a standard underground mining operation, working a 24 hour 
cycle, a 10% loss of shift availability can be attributed to re-entry times for standard 
development rounds (3.2 and 3.8m) (Golder Associates 1976). This time is expected to 
8 
 
double for long round drilling. Therefore a value proposition exists for alternative 
explosive products that are nitrate and/or carbon free that have the potential to reduce 
or eliminate re-entry times for both long round and standard round mining practices.  
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1.4. CURRENT RE-ENTRY INDUSTRY PRACTICES 
The reduction or elimination of re-entry times following underground blasting will result 
in an increase of available production time, and can therefore support rapid development 
applications. The potential increase to production time for mechanised and non-
mechanised (conventional) mining needs to be determined. The most current research 
data available on re-entry times was published in 1976 by Golder Associates. Extensive 
developments in mining equipment technology, mine planning, ventilation systems and 
explosive products have occurred within the last 30 years, thereby making Golder 
Associates data outdated. In order to determine the value proposition available from 
alternative explosive products, it is necessary to assess current industry practices. 
To determine re-entry times, several onsite time and motion studies are required to be 
undertaken. A time and motion study allocates the exact length of time that a process 
within the mining cycle takes, which when recorded over a large time period, allows for 
opportunities for time saving to be identified.  
Within the underground mining industry, particularly contracting, development time and 
motion studies are conducted regularly. This data is predominately used onsite to assess 
development and production metrics by mainly focusing on equipment downtime and 
reasons. The data is not commonly used for identifying value opportunity areas through 
implementation of new technology. As such, re-entry times are not usually considered 
as valuable, as historically shift changeover occurs during this period. No producing time 
due to blast fumes was a given in the underground environment, so to maximise surface 
time shift change, handovers occur during the underground non-producing time. 
However, if the opportunity exists for reduced/eliminated re-entry times and subsequent 
hot seating of crews underground, where shift change/handover occurs on the machines, 
then the underground mining environment can become a 24/7 operation. 
Due to the lack of published information on re-entry times and to further understand the 
potential contribution of alternative explosives, an independent industry survey was 
developed and conducted. Details of this survey are provided in Appendix A. The survey 
was distributed to several international sites. 
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 SURVEY INDUSTRY PARTICIPANTS 
In order to get a reasonable representation of data for underground re-entry times, ten 
(10) sites were contacted to participate in the industry survey. Table 1.4-1 details the 
high level information of these participating sites. These sites span five (5) companies, 
with three (3) companies being large underground contracting companies, and two (2) 
being top-tier multi-commodity owner/operator companies.  
Regardless of the mines country of location, Australian ventilation standards were 
applicable to the eight (8) mechanised mines. This is due to Australian mining contractors 
working in offshore mines with a contractual obligation to maintain Australian safety 
standards. As such, the required face ventilation flow of 3.5 m3/s is upheld (Western 
Australian Government 2010). This allows for accurate comparison of data from all 
sources for mechanised mining. 
 
 
Table 1.4-1 Industry Survey Participants 
Site Country Ore Mined Mining method Access method 
1 Ghana Gold Mechanised Decline 
2 Ghana Gold Mechanised Decline 
3 Burkina Faso Zinc Mechanised Decline 
4 Mali Gold Mechanised Decline 
5 Egypt Gold Mechanised Decline 
6 South Africa Copper Mechanised Decline 
7 Australia Uranium Mechanised Decline 
8 Australia Gold Mechanised Decline 
9 South Africa Gold Conventional Shaft 
10 South Africa Gold Conventional Shaft 
 
From Table 1.4-1, eight (8) sites are mechanised mines utilising decline development for 
ore body access and retrieval. All eight (8) sites use the Australian method for decline 
mining, which includes the following high-level process for a standard round length: 
1. Drill out development face using a mechanised jumbo drill (Twin or single boom) 
2. Charge the drill holes with an explosive product (ANFO or emulsion) 
3. Fire the development face 
4. Wash down heading and make safe 
5. Bog/muck/load out the fired material 
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6. Rattle/scale the heading using a mechanised jumbo drill 
7. Install ground support with the mechanised jumbo drill 
8. Shotcrete heading if deemed necessary by Geotechnical departments. 
It should be noted that only deep level and hard rock metalliferous decline mines were 
assessed for mechanised mining
 
 SURVEY RESULTS 
Complete data from eight (8) mechanised decline mine sites operating on 12 hour back 
to back shifts (24 hour operations) was analysed as part of the industry survey. This gave 
a total of 39,420 available production hours to be analysed.  
The time study data was split into Production and Non-Production time. Production time 
is defined as direct operating hours when the equipment / process is either performing 
primary or secondary production. Primary production being when equipment is utilised 
for primary production, i.e. Jumbo is physically drilling a hole. Secondary production is 
when the equipment is running/operational but performing non-production activities i.e. 
Routine daily maintenance on machine, greasing etc. Non-Production time includes lost 
time, equipment downtime and non-controllable time. These are defined as: 
• Lost Time: Time when equipment/people were available for use but not used i.e. 
Waiting for firing 
• Equipment Downtime: Non-producing time attributable to maintenance that 
renders the equipment inoperable i.e. Non-routine maintenance 
• Non-controllable time: Non-producing time that is out of the mines control i.e. 
Power failure, services failure. 
For the full list of production and non-production processes, see Appendix B. 
The time attributed to re-entry is defined as the moment of underground heading blast 
initiation to the moment the tag board is open due to clear re-entries. Unfortunately, no 
data from any of the sites defined the exact time that the underground faces were fired. 
Instead, two gave the time that the tag board was closed and opened, whilst the 
remaining sites delineated ‘shift changeover’ and ‘re-entry time’. Therefore, the author 
used the following to mark the re-entry time: 
• Start: Tag board closed. Finish: Tag board open 
• Start: Commence shift changeover. Finish: re-entry finished 
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Although there will be some error in these definitions of re-entry, they are the most 
accurate times that are available. As mentioned, the time studies are based on shift boss 
reports and individuals plod cards, so a degree of error already exists due to people 
rounding hours. From the study results, 22% of the re-entry times have a standard 
deviation of fifteen (15) minutes due to rounding.    
As an example, Firing does not necessarily commence immediately prior closing the tag 
board. There could be a 5-10 minute wait between physically closing the tag board and 
pressing the firing button. This delay could be as a result of firing issues, getting positive 
communications to fire etc. Furthermore, commencement of shift changeover does not 
mean that the headings are fired exactly at that time. Headings could be fired during shift 
changeover. However, it is the most accurate data that is available.  
Average time was used for reporting the results, due to the changing ventilation systems 
for every cut. For example, if a return air raise (RAR) is newly completed and an auxiliary 
fan placed on the fresh air side of the RAR, then the distance from the decline face to 
the fan is at minimum for that current fan position. Therefore resulting in a reduced re-
entry time. Similarly, prior to the next RAR completion the fan cannot be moved, therefore 
the distance from the decline face to the fan will be maximum with an associated 
maximum re-entry time. As detailed design data was not captured in time study data, the 
re-entry times were averaged.   
The overall results from the analysis of this data is shown in Figure 1.4-1 and Figure 
1.4-2. These pie charts show the time split for a single heading operation and a multi-
heading operation respectively.  
 
 
Figure 1.4-1 Time study data for single heading decline operations 
40%
44%
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Single Heading Decline
Production
Non-Production
Re-entry
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Generally speaking, a mine with multi-heading capacity will have a greater level of mine 
ventilation infrastructure completed, which includes: 
• RAR; 
• Fresh air raises (FARs); 
• Permanent ventilation doors; 
• Long term level auxiliary fans; 
• Remote fans starters; and 
• Regular ventilation surveys to prevent any recirculation. 
As the maturity and level of development of these ventilation components all affect how 
quickly an area can be flushed with fresh air, re-entry times are also affected. It is 
expected that a single heading operation with lower maturity of ventilation infrastructure 
would then have increased re-entry times compared to a multi-heading operation, which 
is shown in the survey results.   
 
 
Figure 1.4-2 Time study data for multi heading operations 
 
It has to be noted, that the majority of this data was obtained from mine sites within Africa 
that were initially conventional mines and upgraded to mechanised, due to commodity 
price increases. It was not until later, that the conventionally driven development drives 
were stripped out for a mechanised mining fleet. As a result, the primary ventilation 
networks are either completely under sized for a mechanised mine or remedied in an ad-
hoc manner leading to inefficiencies. Even though a minimal face airflow was maintained 
from secondary ventilation, re-entry times increase due to an ineffective and/or inefficient 
43%
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primary ventilation system. Only the site in Mali and Australia was developed from the 
portal down with the intention of the mine being fully mechanised.  
Figure 1.4-3 shows the re-entry time for the Australian Gold single heading decline 
operation.  
 
Figure 1.4-3 Time study results for single heading decline, Australian operations only 
 
In summary, on average an underground mechanised single decline heading mine is 
losing 17% of total available calendar time to re-entries. For a 12 hour shift, this equates 
to 122 minutes, or 2hrs 2mins. For multi-heading sites, 12% of calendar time is lost due 
to re-entries, which is a total of 86 minutes or 1hr 26 minutes over a 12 hour shift. 
Changing this lost time to production time has huge value potential, leading to the 
investigation into the role of alternative explosive products. 
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1.5. ALTERNATIVE EXPLOSIVES AND THEIR POTENTIAL VALUE 
Current industry available explosive products produce varying degrees of post blast fume 
resulting in long non-producing times underground known as re-entry time. Development 
of alternative explosive products that produce less post blast fume thereby reducing or 
eliminating re-entry times has potential value. 
The results from the industry survey highlight potential for value creation through 
reducing or eliminating the lost time attributed to re-entries.  
The minimal re-entry time seen within the data was 15 minutes, whilst the maximum re-
entry time was 5hrs 27mins. The maximum re-entry time was due to ventilation bag being 
blown down, therefore the face received no force fed fresh air until the re-entry crew 
arrived to the return air rise (RAR) and the bag was reinstated. The maximum re-entry 
time was not treated as an outlier in the data set ventilation bag disconnection or 
destruction is a common occurrence within underground operations particularly with 
poorly matched ventilation systems to production method. 
For the Australian single heading mine, as the primary ventilation system was correctly 
designed for the life of mine plan, along with world class installation of secondary 
ventilation, re-entry time was 12% of the total calendar time. The exact same percentage 
loss experienced by the collective multi-heading sites. This shows how a correctly 
planned primary ventilation system can affect the re-entry times.   
These values are shown in Table 1.5-1. If re-entry time can be reduced or eliminated, 
these hours will become production hours, which subsequently leads to a decrease in 
development cycle time and a quicker turnaround of a heading, known as rapid 
development.  
 
Table 1.5-1 Value of reduced or eliminated re-entry time 
Site Type 
Average      
re-entry 
% 
Total calendar production 
hours lost per 12 hour 
shift 
Total calendar 
production hours 
lost per annum 
Single heading 17% 2hrs 2mins 1,484hrs 
Multi heading 12% 1hr 26mins 1,046hrs 
Australian single heading 12% 1hr 26mins 1,046hrs 
 
Any additional development meters compared to budget is known as value creation. 
Furthermore, the majority of the data collated for the Section 1.4 review on current re-
entry time practices, was from contractors. Consequently, along with actuals data, there 
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was also some target / contract data. The actuals vs target data for 2 levels are shown 
in Figure 1.5-1. Unfortunately, for this contract, re-entry time was underestimated by 150-
200%. Over a 365 day contract, this equates to 182.5 hours that should be contracted 
production hours, however are lost due to extended re-entry times. This is value 
destruction. Therefore, an alternative explosive product that allows budget re-entry 
numbers to be met due to less post blast fume has value. 
 
 
Figure 1.5-1 Current industry survey cycle time vs targets 
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1.6. RESEARCH MOTIVATION 
Following the completion of the ACARP project C20016 A method to assess and 
minimise the potential for blast fume generation from blasting (Cavanough, Torrence, et 
al. 2013) there was no definitive answer as to what caused post blast fume generation 
or any steps available that mine sites could put in place to reduce their exposure to the 
risk of nitrous oxide fumes. At the same time, the author was completing portal cuts for 
several decline mines and ventilation adits and observed multiple incidences of nitrous 
oxide fume generation during these firings and made the assumption that the same fume 
occurrences must take place during regular underground development blasting but was 
often unseen. Araos and Onederra (2013) then proposed to eliminate the nitrates from 
the explosive formula altogether. From a hierarchy of controls point of view, this approach 
was the most effective for minimising risk and hazard to operations. Initially the project 
into the development of an alternative explosive product was funded by Australian open 
pit coal mining association, however the opportunity arose for the use of alternative 
explosive products in the underground environment to eliminate fuming incidences there 
as well. As with previous introduction of newly developed explosives to the underground 
environment, cartridges were the initial product to be trialled with alternative explosives. 
Historically, use of cartridge products underground eliminated the need for excessive 
infrastructure underground for storage of bulk explosives, and did not require a purpose 
built charge machine as needed when using a bulk system.  
With the opportunity of alternative explosive cartridge products for underground 
identified, the requirement to characterise this new product also arose. The value 
potential of alternative explosive cartridge products also needed to be quantified in terms 
of re-entry time reductions through the use of ventilation modelling techniques. 
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1.7. RESEARCH OBJECTIVE 
 
The objective of this thesis is to evaluate and better understand the potential application 
of alternative explosives (NOx free and reduced CO) in order to minimise or eliminate re-
entry times which can support rapid development applications. Key tasks to achieve this 
objective include: 
• An industry survey to quantify modern re-entry times statistics;  
• Unconfined surface testing program to characterise alternative explosives; 
• A ventilation modelling analysis component to determine potential for rapid 
development 
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1.8. THESIS OUTLINE 
This thesis is split into six (6) chapters. Chapter 1 (the current chapter) outlines the 
research motivation, and introduces the concepts of rapid development in the 
underground mining and the value potential for reducing or eliminating re-entry times. 
Chapter 2 is a comprehensive literature review beginning with historical and current 
cartridge explosives products used underground. As part of this review, the safety 
implications of each product is discussed leading to the opportunity for development of 
the preceding cartridge product. Following the discussion on the limitations of current 
industry used explosive cartridge products, alternative explosive cartridge products are 
introduced. 
Chapter 3 outlines the research methodology for the proposed problem of characterising 
alternative explosive products and determining the value potential for rapid development. 
A full description of the experimental program is listed for unconfined surface tests. 
Followed by the proposed ventilation simulation modelling, with the objective of defining 
the reduction in re-entry time as an enabler to rapid development. How the data will be 
collected infield is also outlined to ensure consistent data collection, as well as the 
methods employed during the ventilation modelling to guarantee accurate and 
comparable results. 
Chapter 4 presents the full experimental results for the unconfined surface tests. Full 
characterisation of the product is defined through: 
• Critical Diameter, 
• Velocity of Detonation (VOD) 
• Detonator Sensitivity; 
• Curve Frontage analysis; and 
• Detonation Pressure. 
Chapter 5 details the value proposition for alternative explosives cartridge products as 
an enabler to rapid development through reduced re-entry times. This is shown through 
full ventilation simulation modelling in VentSim for both ammonium nitrate (AN) emulsion 
cartridges currently used in the industry, and alternative explosive cartridge products. 
Finally, Chapter 6 summaries the main conclusions of this thesis and details future work. 
Which includes further infield gas composition testing, ventilation model validation and 
full scale testing in a producing underground mine. 
 
 
 
 
 
 
 
 
 
 
 
 
CHAPTER 2 - Literature Review: Explosives in underground development practice 
 
Literature Review – Explosives in 
underground development practice 
 
 
This chapter provides a comprehensive review of explosives used in 
underground development practice with particular focus on cartridge based 
products. The safety issues and limitations of each explosive type are 
highlighted in order to identify alternative solutions. The development of new 
NOx free explosives is also discussed and research gaps highlighted 
leading to the need to evaluate novel detonator sensitive cartridge based 
NOx free explosives.  
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2.1. INTRODUCTION 
For an explosion to occur, three critical components are needed, an Oxygen source; a 
fuel source; and an ignition source (Figure 2.1-1). The oxygen source chemically is in 
the form of an oxidiser, which is a molecule that readily loses its electrons to form oxygen. 
In current explosives, a hydrocarbon fuel source is required to readily accept the 
electrons lost by the oxidiser, which in turn further forces the development of oxygen. 
These mixed components need an ignition source to initiate the explosive chemical 
reaction.  
Depending on the sensitivity of the oxidiser, this initiation source could be heat only, an 
electrical spark, or another explosive material. The mixture of oxidiser to fuel to ignition 
source has to be stoichiometrically correct for an explosion to occur. 
 
 
Figure 2.1-1 Explosive triangle (ARTIDOR 2015) 
Two different types of explosions exist, deflagration and detonation. Deflagration is when 
the combustion or reaction wave of the explosive chemical reaction is less than the speed 
of sound or 330 m/s. Fire results from deflagration, as energy output is typically by heat.  
Detonation is when the chemical or explosive reaction is greater than the speed of sound. 
The propagation of the detonation chemical reaction is a direct result of a shock wave 
front through the explosives column. The types of energy released from this reaction 
depends on the detonation behaviour exhibited, either ideal or non-ideal. The theory of 
ideal detonation stipulates that the detonation reaction zone is a thin partition, bounded 
by the shock wave at the front and the Chapman Jourguet plane (CJ plane) at the rear 
(Figure 2.1-2). Within this reaction zone all of the chemical energy is liberated in the form 
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of shock and heat energy in a complete detonation reaction. Conceptually, the theory 
states that detonation gases form behind the CJ plane under extreme temperature and 
pressure. Hypothetically these gases occupy the same space as the undetonated 
explosive product and therefore do not exhibit gas expansion as seen in real detonations 
(Akhavan 2011). As real detonations are affected by the degree of confinement, the 
charge diameter and the intimacy of the oxidiser molecules to fuel, the actual detonation 
reactions are not ideal and do not have a straight shock front. Instead they are 
considered non-ideal with a curved shock front due to edge effects. Lownds (1991) 
proposed that when the velocity of the detonation (VOD) of an explosive is theoretically 
calculated it is done so using ideal detonation codes. If the measured VOD in the field is 
less than the calculated, then the explosive is behaving non-ideally. Non-ideal detonation 
theory is supported by the reactions seen in the use of current commercial explosive 
products. Two reaction zones exist, a primary reaction zone in front of the CJ plane and 
the secondary reaction zone behind the CJ plane. The secondary reaction zone does 
not support the shock front, as the primary reaction front does, however it does contribute 
to gas expansion and subsequent rock breakage. The degree of energy released in the 
primary reaction zone allows for ranking of the explosive from more ideal to more non-
ideal (Brinkmann 1990a). For example, emulsion behaves more ideally than ANFO as it 
releases more energy from the primary reaction zone. Compared to ANFO, emulsion 
produces more shock energy (primary reaction) and less gas (secondary reaction). 
Figure 2.1-3 shows a non-ideal detonation reaction and the curved CJ plane and shock 
front, which is a result of edge effects. 
 
Figure 2.1-2 Ideal detonation reaction (Brinkmann 1990b) 
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Figure 2.1-3 Non-ideal detonation reaction (Brinkmann 1990b) 
To ensure an explosive detonates instead of deflagrates, it has a set of characteristics 
unique to the explosive formulation. These characteristics include: 
• Velocity of detonation, m/s (VOD); 
o Velocity of detonation, or VOD, is the speed of the detonation front as it 
moves through the explosive charge. The speed of the VOD is directly 
associated with the volume of gas produced. The slower the VOD the 
longer the reaction time and the more gas that is produced. This has 
generally been associated with the formation of longer fractures and more 
“heave energy” which translates into improved rock mass displacement. A 
high VOD conversely produces less gas however has a higher shock 
energy, which results in a wider crush zone and shorter radial cracks 
(Brinkmann 1990a). 
 
• Density, g/cc; 
o The density of the product is directly proportional to the explosives 
sensitivity and determines not only its water displacing capabilities, but also 
the explosive performance. If a product is too dense, it will not be sensitive 
enough to sustain a detonation front. The same applies if the product is not 
dense enough, as there will be inadequate mixture of oxidiser and fuel to 
promote a chemical reaction. 
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• Critical diameter, mm; 
o The critical diameter is the smallest diameter that a product will sustain a 
detonation front unconfined. 
 
• Oxygen Balance, %; 
o Oxygen Balance is a value that expresses the oxidising capabilities of an 
explosive. It is expressed as a percentage (%), and can be either positive 
or negative depending on the explosive reaction equation (S2S 2003). If 
the oxygen balance is positive, there are more oxidiser molecules within 
the explosive then is required for an explosive reaction. These reactions go 
to completion, however the excess oxygen generated can form with other 
molecules to produce post blast fume. An oxygen negative reaction means 
that there is not enough oxygen available from the oxidisers for a complete 
reaction (Backsteiner, Wolfson, et al. 1994). 
 
• Energy output, MJ/kg; 
o Energy output is the total energy available per weight value of the product. 
This energy could be released as heat, vibration, shock or heave energy, 
from both primary and secondary reaction zones. 
 
• Gas output, L/Kg;  
o Gas output is the total volume of gases created from the explosive reaction. 
The gas output varies with the degree of non-ideal detonation behaviour 
as shown in Table 2.1-1. 
 
• Impact sensitivity, kN/m2; 
o Impact sensitivity is the force meter2 that the explosive can sustain before 
detonation. This also determines whether an explosive is a primary (i.e. a 
detonator), a secondary (i.e. a booster or cartridge) or a tertiary level 
explosive (i.e. Bulk product). Levels of safety increases from tertiary down 
to primary explosives. 
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Table 2.1-1 Explosive properties and degree of ideal detonation behaviour (30-40mm diameter holes) 
Explosive 
Type 
VOD, m/s 
Density, 
g/cc 
Absolute 
Strength, 
MJ/kg 
Gas 
Output, 
L/kg 
Primary 
Reaction 
zone energy 
release, % 
Increasingly 
Ideal detonation 
behaviours 
Dynamite 1800 - 2500 1.3 4.1 537 12%  
ANFO 1700 - 2900 0.85 3.8 980 17%  
Watergels 3200 - 3700 1.05 - 1.25 3.6 - 3.8 1024 33%   
Emulsion 4500 - 5100 1.15 3.7 - 4.1 1276 79%  
         Source: Brinkmann (1990a) 
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2.2. CARTRIDGE EXPLOSIVE PRODUCTS 
There have been several explosive formulations developed over the years and used in 
cartridge products. The following components have generally been used:  
• Nitro-glycerine; 
• Pentaerythritol tetranitrate (PETN); and  
• Ammonium nitrate (AN), which includes: 
o AN/Fuel oil (ANFO); 
o Emulsion; and 
o Water gels and slurries. 
 NITRO-GLYCERINE BASED EXPLOSIVES 
Nitro-glycerine was first developed in the mid-19th century as a replacement for Black 
Powder. It is formed when highly concentrated glycerine is injected into a constantly 
stirred and cooled mixture of nitric and sulphuric acids (Akhavan 2011). It was considered 
a more favourable explosive as it was chemically pure and enabled a more intimate 
relationship between the oxidiser and fuel.  
As with all nitrate based explosives, carbon dioxide, water and nitrogen are the gaseous 
by-products. Nitro-glycerine was extremely sensitive, and transportation and 
manufacturing was a very dangerous procedure. 
Dynamite was patented in late 1860’s, which saw nitro-glycerine mixed with kieselguhr, 
a porous siliceous earth. This product was relatively resistant to shock, so a safer blasting 
agent than nitro-glycerine. This mixture was rolled, cut and then covered in paraffin 
coated paper to produce the first explosive cartridge product, commonly known as sticks 
(Meyer, Köhler, et al. 2008). 
At the same time, nitrocellulose was developed. This consisted of nitration of cellulose, 
where some of the -OH groups were replaced by nitrate without compromising the fibrous 
structure of the cellulose (Akhavan 2011). When dry, the nitrocellulose was extremely 
sensitive. Small portions of dry nitrocellulose could initiate the detonation of larger wet 
nitrocellulose. However, again due to the high sensitivity of the product and loss of 
equipment and lives, investigations began to be conducted into how it could become a 
safer blasting product. It was discovered that by dissolving the nitrocellulose in nitro-
glycerine at 45-50oC a gel was formed. By 1875, gelatinous dynamite was patented. The 
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advantage that it had over the former straight dynamites was that the nitro-glycerine did 
not sweat out, yet it could still be used in stick form. 
 PENTAERYTHRITOL TETRANITRATE (PETN) BASED EXPLOSIVES 
Although nitro-glycerine was a better performing explosive in regards to rock breakage, 
than black powder, its inability to withstand shock (impact sensitive) and the large 
amounts of gaseous by-products resulted in further research for a safer yet effective 
alternative. 
Pentaerythritol tetranitrate (PETN) is a molecule based explosive. The oxidising and fuel 
components are combined in an homogenous mixture, enabling an efficient detonation 
and resulting in a powerful but sensitive explosive with a high brisance (shattering 
power). Although, not as sensitive to shock as nitro-glycerine, it is still very impact 
sensitive.  As such, it is often used in detonator cord and boosters.  
World War I saw the first bulk manufacturing of PETN, after the German Government 
had patented the product in 1912. 
1901 saw the patent of TNT (2,4,6-Trinitrotoluene), which was developed by the German 
government for military use. Nitrogen based compounds remain as the oxidiser, with the 
nitration of toluene along with nitric and sulphuric acids producing TNT (Akhavan 2011). 
It is a very insensitive material, and requires at a minimum a blasting cap for initiation. 
TNT is commonly mixed with other homogenous explosives, to improve sensitivity and 
specific energy. 
Mixtures of TNT and PETN are common within the mining industry. This new mixture 
was originally marketed and sold as Pentolite, and patented in 1943 (McCurdy 1946). It 
is a pourable mixture, using molten TNT, which can be used in shape charges and cast 
boosters. Application in mining is predominately as a cast booster used to initiate bulk 
explosives such as ANFO and Emulsions. 
 AMMONIUM NITRATE FUEL OIL 
The need for a cheaper alternative to PETN based cartridge explosives arose. 
Ammonium nitrate (AN) was commonly used as fertiliser, so presented a cheaper nitrate 
based oxidiser option. AN mixtures with a carbon based sensitiser had been utilised in 
explosives since 1867, when Ammoniakkrut was developed by two Swedish chemists 
(Davis 1943). The addition of AN to the nitro-glycerine in gelignite to reduce its sensitivity 
and produce a higher water resistant and denser product, saw the commercial 
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introduction of AN into the mining industry (Akhavan 2011). The full explosive properties 
of AN wasn’t fully recognised until work started on finding a replacement for the 
potassium nitrate in gunpowder, and following the explosion of several ships carrying 
waxed AN prill post World War II. 
1952 saw the first commercially available and patented AN/straight carbon explosive 
called Akremite. However, poor sensitivity and interaction between the AN and straight 
carbon saw this further developed into the AN/Fuel oil mix that we know today, or ANFO. 
This explosive is by the far the most commercially available and widely used bulk 
explosive product for 21st century mining, and is currently the cheapest explosive product 
option. 
ANFO is usually mixed in a standard 94/6 ratio of AN and fuel oil. This gives an average 
density of 0.85g/cc for poured explosives grade prill. Pneumatically loaded ANFO has 
an average density of 0.95g/cc. The introduction of perimeter blasting, and the 
requirement for a low shock product prompted investigation in low density explosives 
(LDE). Mixing standard bulk ANFO with polystyrene, led to the product marketed as 
Isanol. This low density, low shock product could be loaded in perimeter holes. The 
decoupling effect provided by the polystyrene resulted in reduced development drive wall 
damage and hanging wall profiles in production areas, compared to straight ANFO. 
However, it still maintained the same water miscible qualities of ANFO. 
ANFO is also available commercially in cartridge form as supplied by Johnex (2016). 
Product diameter ranges from 45mm – 25mm. The larger diameter cartridges are be 
used in lifters holes as the cartridge casing prevents water from degrading the ANFO. 
Whilst the smaller diameter casing is used in the perimeter holes providing a decoupling 
effect in the larger drilled hole. As ANFO is a tertiary explosive, it requires a booster and 
detonator to promote the detonation shock wave, so the cartridge explosives contain a 
built in PETN booster (Johnex Explosives 2016). 
 WATER SLURRIES AND GELS 
Even though cheaper than nitro-glycerine based products, ammonium nitrates miscibility 
in water and the limitations that this placed on bulk mining practices, required new water 
resistant product formulas to be investigated. The first commercially available product 
was slurries. These ammonium nitrate, sensitiser and water blends produced a high 
density product with an increased water resistance and borehole pressure compared to 
standard ANFO. The aqueous AN mixture is generally mixed with aluminium powder as 
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the sensitiser (Akhavan 2011) and often used in plastic coated cartridge products. 
Although the VOD of slurries was relatively high, 4,000 to 4,500 m/s, their low viscosity, 
low shelf life and medium to high level of fume incidences paved the way for the 
development of Water Gels. With a high viscosity, and high shelf life, Water Gels could 
easily be poured into cartridge casings, as opposed to the usual application of casting, 
and could be readily stored for months prior to usage, thereby keeping costs lower as 
supply could match demand (Mahadevan 2013). Water Gels were also shown to produce 
at least half the level of blast fumes as standard ANFO, with a third less CO and 50% 
less NO produced (Harris, Sapko, et al. 2003). Water gels are still in use in the mining 
industry, however with some limitations. Although water gels have a good water 
resistance, this could reduce with poor operational practices (Stiehr 2011). Furthermore, 
the lower VOD and available explosive energy due to the water content also makes water 
gels less favourable than emulsions. 
 EMULSION 
Although ANFO is a safe, reliable and cheap bulk explosive for use in mining 
applications, its miscibility in water limits its use. Blasts cannot have long sleep periods, 
which limited the size and heights of stopes or faces to be fired. This meant that open 
stope retreat blasting couldn’t be used to its full advantage. Also, decline firing 
underground was an issue due to the amount of water in the lifter and knee holes of the 
production face. This presence of dynamic water would make charging production and 
development holes impossible without the use of sleeves. Even then, water pressure 
build-up behind the sleeves would result in total ejection of the hole.  
AN emulsions maintain all the characteristics of ANFO, however they are water resistant 
with improved detonation performance due to the closer relationship of the oxidiser and 
fuel components as they are a water in oil emulsion. A saturated AN solution is mixed 
into a mineral oil phase, and the sensitivity of the product altered by adjusting the density. 
Density is altered by many different additives, such as: 
• Glass micro balloons (GMB); 
• Polystyrene beads; 
• Nitrogen gas; or 
• A surfactant, which is typically used in mining applications.    
The complexities of manufacturing, makes straight emulsion more expensive than 
ANFO. To offset the cost but still take advantage of the properties of emulsion, Heavy 
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ANFO was developed. Standard mixtures include 60% ANFO 40% Emulsion (60/40 
heavy ANFO), 70/30 and 50/50. There is a possibility that these mixtures of Heavy ANFO 
are leading to an increased likelihood of blast fume incidences (Bailey 2011, Onederra, 
Bailey, et al. 2012). 
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2.3. GAS BY-PRODUCTS OF COMMERCIAL PRODUCTS AND VENTILATION 
IMPLICATIONS 
 NITRO-GLYCERINE BASED EXPLOSIVES 
The detonation reaction for nitro-glycerine is shown in Equation 1.  4𝐶𝐶3𝐻𝐻5𝑂𝑂3(𝑁𝑁𝑂𝑂2)3 → 12𝐶𝐶𝑂𝑂2 + 10𝐻𝐻2𝑂𝑂 + 6𝑁𝑁2 + 𝑂𝑂2                                        (1) 
The explosive characteristics for nitro-glycerine and the two cartridge products, dynamite 
and gelatinous dynamite are shown in Table 2.3-1. It can be seen that that gelatinous 
dynamite is oxygen negative, therefore resulting in a high incidences of gas on 
detonation. Also, that nitro-glycerine is extremely sensitive and has a very small 
unconfined critical diameter. 
 
Table 2.3-1 Nitro-Glycerine based explosive characteristics 
 
Nitro-glycerine Dynamite 
Gelatinous 
Dynamite      
(13.3%  N) 
VOD (m/s) 7,700 6,000 7,300 
Density (g/cc) 1.59 1.5 1.2 
Critical diameter (mm) 1 - 3 120 20 
Oxygen Balance (%) +3.8 0 -28.7 
Specific energy (kJ/kg) 1139 1194 698 
Gas Output (L/kg) 716 537 871 
Impact Sensitivity (Nm) 0.2  3 
      Source: (Badners and Leiber 1992, Meyer, Köhler et al. 2008) 
 
Nitro-glycerine was extremely sensitive to shock, and most manufacturing was 
conducted on the site where it was to be used to reduce the need for transportation. As 
dynamite had a tendency to “sweat” the nitro-glycerine out, when sticks exceeded their 
use by date, they become just as dangerous as straight nitro-glycerine. Furthermore, on 
detonation, dynamite creates a large amount of toxic gases of CO2, CO and NOx. These 
toxic gases are released at almost four times the rate produced by present day emulsions 
(Harris, Sapko et al. 2003). For this reason, they resulted in a high incidence rate of 
carbon monoxide poisonings of underground workers, and has subsequently being 
replaced. 
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 PENTAERYTHRITOL TETRANITRATE (PETN) BASED EXPLOSIVES 
The detonation reaction for PETN is shown in Equation 2.  
𝐶𝐶5𝐻𝐻8𝑂𝑂4(𝑁𝑁𝑂𝑂2)4 → 2𝐶𝐶𝑂𝑂 + 4𝐻𝐻2𝑂𝑂 + 2𝑁𝑁2 + 3𝐶𝐶𝑂𝑂2                       (2) 
The detonation reaction for 50:50 PETN/TNT mixtures is shown in Equation 3. 
𝐶𝐶5𝐻𝐻8𝑂𝑂4(𝑁𝑁𝑂𝑂2)4 + 2𝐶𝐶7𝐻𝐻5(𝑁𝑁𝑂𝑂2)3 → 9𝐶𝐶𝑂𝑂 + 9𝐻𝐻2𝑂𝑂 + 5𝑁𝑁2 + 3𝐶𝐶𝑂𝑂2 + 7𝐶𝐶             (3) 
 
Table 2.3-2 PETN explosive characteristics 
 PETN TNT Pentolite 50:50 
VOD (m/s) 7,000 6,900 7,400 
Density (g/cc) 1.76 1.47/1.654 1.65 
Critical diameter (mm) 6 5 5 
Oxygen Balance (%) -10.1 -73.9 -42 
Specific Energy (kJ/kg) 1220 870 2,953 
Gas Output (L/kg) 823 730 790 
Impact Sensitivity (Nm) 3 15 20 
      Source: (Kozak 1995, Meyer, Köhler et al. 2008)    
PETN still has a low impact sensitivity, however this is still manageable within the mining 
industry. Detonator cord for example, can only be cut with approved cutters which 
consists of one blade only. This limits the possibility of two shears cutting through and 
causing point impact of PETN which could initiate it. Also, standard face hook-up 
methods include installing the detonator cord as the last step in development of 
production charging, and installing this from the top down thereby reducing the chances 
of the charge basket impacting the detonator cord on the development or production 
face. These are both soft controls however, as the hazard has not been eliminated. 
Mixing TNT, a less impact sensitive product, with PETN means that boosters are not as 
sensitive to shock as detonators or detonating cord. They require a detonator to initiate 
the detonation reaction. TNT / PETN mixes are more intrinsically safe. 
These mixtures in detonators, detonating cord and boosters are standard across the 
industry, and there has been no apparent operational limitations to date. The large 
amount of gases created from all products is an issue, but compared to the total volume 
of explosives used in a development or production shot, PETN and PETN/TNT mixtures 
only contribute a small percentage. Although, it has been shown that the incidences of 
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fume increases 500% when detonated in an oxygen poor environment (Harris, Sapko et 
al. 2003). 
 AMMONIUM NITRATE FUEL OIL 
The detonation reaction for ANFO is shown in Equation 4.  3𝑁𝑁𝐻𝐻4𝑁𝑁𝑂𝑂3 + 𝐶𝐶𝐻𝐻2 → 3𝑁𝑁2 + 𝐶𝐶𝑂𝑂2 + 7𝐻𝐻2𝑂𝑂                                        ( 4) 
 
Table 2.3-3 ANFO explosive characteristics 
 Low Density High Density 
VOD (m/s) 3,500 4,000 
Density (g/cc) 0.5 0.9 
Critical diameter (mm) 22 31 
Oxygen Balance (%) 20 -0.6 
Energy Output (Kcal/kg) 1518 3920 
Gas Output (L/kg) 540 980 
Impact Sensitivity (Nm) Low Low 
      Source: (Maranda and Szymański 2003, Orica 2011a) 
The physical properties of the ammonium nitrate prill in ANFO effect all the above 
parameters, for both HDE and LDE products. These physical properties include: 
• Prill particle size – smaller means higher VOD. Pulverised ANFO used in 
production; 
• Shape (rhombohedral); 
• Hardness (effects handling and storage); 
• Porosity (3-5% void within prill), needs to ensure good fuel coating; 
• Borehole pressure, effects the detonation front if too high at the toe; 
• Effect of addition of water, inert coating agents and/or surface active agents into 
the particles; and 
• Density. Ideal 0.93 g/cc (Aspinall 1992) 
The ammonium nitrate prill used in ANFO ranges in density from 0.75 g/cc to 1.10 g/cc. 
The lower density ammonium nitrate is capable of absorbing fuel throughout the prill and 
is easier to ignite than the high density prill which results in the fuel sitting on the surface 
(Bhandari 1997). However, the overall density of ANFO in the borehole has to be higher 
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to enable a higher VOD (Barnhart 2003). Current explosive grade AN prill is specifically 
designed for use with a hydrocarbon fuel, so using alternative fuels is not be suitable.   
Ammonium nitrate is not only miscible in water but highly hygroscopic. At a 60% humidity 
at 25oC temperature, it can absorb enough moisture from the atmosphere to dissolve 
(Aspinall 1992). Excess prill moisture content has shown to greater increase the 
likelihood of post blast fume incidences, namely the formation of nitrous oxides (NOx). 
Explosive manufacturers design their product to be fuel rich, and therefore oxygen 
negative (Henley 2010), resulting in a reaction as shown in equation 5. It can be seen 
that less nitrogen is emitted in this scenario. 2𝑁𝑁𝐻𝐻4𝑁𝑁𝑂𝑂3 + 𝐶𝐶𝐻𝐻2 → 2𝑁𝑁2 + 𝐶𝐶𝑂𝑂2 + 5𝐻𝐻2𝑂𝑂                                              ( 5) 
Further to this, if the reaction does not go to completion, it will become oxygen positive, 
which in turn produces nitrogen oxide (NO). NO readily oxidises to nitrogen dioxide 
(NO2), which forms the visible orange cloud associated with post blast fume generation. 
Equations 6 and 7 detail these reactions respectively. 5𝑁𝑁𝐻𝐻4𝑁𝑁𝑂𝑂3 + 𝐶𝐶𝐻𝐻2 → 4𝑁𝑁2 + 2𝑁𝑁𝑂𝑂 + 𝐶𝐶𝑂𝑂2 + 7𝐻𝐻2𝑂𝑂                                ( 6) 2𝑁𝑁𝑂𝑂 + 𝑂𝑂2 → 2𝑁𝑁𝑂𝑂2                                                                        ( 7) 
Numerous laboratory tests have been conducted to show the effect of oxygen positive 
environments on post blast fume generation as shown in Figure 2.3-1. In order to 
accurately test the possible effect, a constant pressure in the product formulation is 
required. Glass beads have been utilised to ensure a constant pressure of 0.85 g/cm3 is 
maintained (De Souza and Katsabanis 1991). The results from these tests showed, that 
an increase in sodium nitrate in both ANFO and emulsion led to an oxygen positive 
reaction. This could have been a direct result of a decrease in fuel, such as suggested 
by Mainiero, Harris and Rowland (2007). These oxygen positive reactions also produced 
higher concentrations of NO2. 
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Figure 2.3-1 NOx production from ANFO due to oxygen balance (Rowland and Mainiero 2000) 
 
 WATER SLURRIES AND GELS 
The detonation reaction for Water Gels is shown in Equation 8.  
𝑁𝑁𝐻𝐻4𝑁𝑁𝑂𝑂3 + 𝐶𝐶8𝐻𝐻8𝑁𝑁8𝑂𝑂8 → 4𝑁𝑁2 +𝑁𝑁2𝑂𝑂 + 6𝐻𝐻2𝑂𝑂 + 4𝐶𝐶𝑂𝑂                            (8) 
 
Although stated in marketing literature that the product emits low gas levels (Maxam 
2010), comparing the gas output (L/kg) of the water gels to previous explosives, the 
volume of post blast fumes produced by Water gels is higher than other bulk explosives. 
Mahadevan (2013) had a similar finding. As a cartridge product, water gels can be 
effective, however if the sleeve is punctured, the product can often be too viscose to 
ensure a correct coupling in the hole, or gets washed away in dynamic water. This is a 
big limitation in regards to the products use underground, as boreholes are often 
collapsed, on which the sleeves get caught and puncture. 
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Table 2.3-4 Water gels explosive characteristics 
 Low Density High Density 
VOD (m/s) 3,700 6,500 
Density (g/cc) 0.85 1.32 
Critical diameter (mm) 76 76 
Oxygen Balance (%) 0 0 
Energy Output (Kcal/kg) 2192 2757 
Gas Output (L/kg) 1024 1024 
Impact Sensitivity (Nm) Intermediate Intermediate 
       Source: (Meyer, Köhler et al. 2008, Maxam 2010) 
 EMULSION 
The detonation reaction for Emulsion is shown in Equation 9.  3𝑁𝑁𝐻𝐻4𝑁𝑁𝑂𝑂3 + 𝐶𝐶𝐻𝐻2 → 3𝑁𝑁2 + 𝐶𝐶𝑂𝑂2 + 7𝐻𝐻2𝑂𝑂                                      ( 9) 
 
Table 2.3-5 Emulsion explosive characteristics 
 Emulsion (Avg.) Cartridge Emulsion 
VOD (m/s) ~4,200 3,400 
Density (g/cc) 1.09 1.23 
Critical diameter (mm) 45 25 
Oxygen Balance (%) 0 0 
Energy Output (Kcal/kg) 1863 3036 
Gas Output (L/kg) 1276 817 
Impact Sensitivity (Nm) Low Low 
Source: (Meyer, Köhler et al. 2008, Orica 2011b, Orica 2011c) 
 
Emulsion cartridge products is widely used in the underground mining. These products 
were used commercially before pumpable emulsion was available for underground use. 
This was largely due to the historic usage of cartridges in underground mining since the 
development of nitro-glycerine sticks. Emulsion cartridges were not only water resistant, 
capable of detonating at small diameters but also easy to use. They were not as cost 
effective as bulk explosive product, therefore prior to pumpable emulsions, they were 
only used in wet holes for underground development and production. 
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The detonation performance of emulsion is dependent on the sensitivity of the product. 
This is achieved through the use of a sensitiser, such as Sodium Nitrite, which creates 
air bubbles within the mixture and subsequently lowering the density to be sensitive 
enough to support a detonation shock wave. If the sensitiser is not mixed homogenously 
within the emulsion it leads to desensitised product that has a decreased likelihood of 
successful detonation (Sapko, Rowland, et al. 2002). Compression testing in laboratories 
shows that a loss in gas within emulsion product leads to product desensitisation. Use of 
glass balloons to correct density, resulted in a dense product and smashed glass 
following compression testing. What actually occurs in the field cannot be duplicated as 
of yet (Barnhart 2004). 
Field measurements of the VOD in boreholes showed that as the detonation front moved 
across the blast pattern, the central area of the explosive column in some holes was 
initiating before the toe. Some cases the toe failed to initiate at all. An increase in 
hydrostatic pressure of the product in the toe explains this, with the pressure being great 
enough to cause desensitisation (Turcotte, Yang, et al. 2002). 
Unfortunately, this change to product desensitisation and incomplete detonation has a 
high potential for increasing incidences of NOx fumes. This then paved the way for the 
ACARP project C23029 Alternative and sustainable explosive formulations to eliminate 
nitrogen oxide emissions (Araos and Onederra 2013) which provides the foundation 
formulations for this thesis.  
All formulations that utilise AN as the oxidiser have some level of NOx fume generation, 
regardless of suspension in an emulsion state. This ranges from low levels of NOx 
production when the formulation and conditions allow for complete detonation, to the 
extreme levels of mass NOx fume generation due to formulation issues and mining 
environment (Araos and Onederra 2014). The only way to eliminate NOx production is 
to eliminate nitrate oxidisers.  
 
 
38 
 
2.4. ALTERNATIVE EXPLOSIVES  
 HYDROGEN PEROXIDE OXIDISER 
The knowledge of the detonation capacity of hydrogen peroxide (H2O2) has been known 
and tested since the 1950s, when Germany conducted tests to determine the detonation 
characteristics of highly concentrated H2O2 during World War II (Sheffield, Dattelbaum, 
et al. 2010). H2O2 in concentrations >95%ww and >98%ww were tested with VODs in 
the order of 6000 m/s recorded. However, the reactivity, sensitivity and high likelihood of 
spontaneous combustion of such high concentrated H2O2 was a hazard. 
The use of hydrogen peroxide for rock blasting applications was dismissed because of 
its perceived instability. Recent innovations in both hydrogen peroxide production and 
the need to eliminate NOx fumes in blasting has led to a resurgence in research and 
development with the use of hydrogen peroxide.  
In ACARP project no.C23029 (Araos and Onederra 2013) the detonation characteristics 
of low concentration H2O2 and fuel based products have been tested. The first stage of 
this project has now been completed, which perfected the low concentrate H2O2 
formulation to a detonating mixture. 
Low concentration H2O2 is defined as aqueous hydrogen peroxide <44% w/w (Araos 
2013). When mixed with cellulose, the detonation reaction is shown in Equation 10 
(Baker and Groves 1962):  12𝐻𝐻2𝑂𝑂2 + 𝐶𝐶6𝐻𝐻10𝑂𝑂5 → 17𝐻𝐻2𝑂𝑂 + 6𝐶𝐶𝑂𝑂2                                         (10) 
From the reaction, it can be seen that the elimination of nitrate salts as the oxidiser, also 
results in the elimination of the product of nitrous gases. Empirically though, more moles 
of CO2 gas are formed compared to ANFO. 
Initial research into the detonation characteristics of low concentration hydrogen 
peroxide products (HP) (Araos and Onederra 2015), have produced VODs in the range 
of 2,600 m/s to 5,000 m/s. With a critical diameter of 23mm for a 0.9g/cc product. 
Comparing this to previous industry product, this is a high critical diameter, and a very 
low density. This is similar to that of high concentrated H2O2 product (Sheffield, 
Dattelbaum et al. 2010). Further testing of a higher density product to reduce the critical 
diameter to enable cartridge products is needed. 
Test work on the hydrogen peroxide mixed with calcium nitrate and sodium nitrate 
oxidiser were also completed, however test diameters were 50 mm and greater (Araos 
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and Onederra 2017). This eliminates this product for use as a cartridge at the time of this 
thesis. 
 
Table 2.4-1 H2O2 VOD at different diameters and densities 
23mm 44 mm 87 mm 
Density 
g/cc 
VOD m/s Density 
g/cc 
VOD m/s Density 
g/cc 
VOD (m/s) 
1.12 F 1.12 F 1.12 2940 
  1.07 2620   
1.04 F 1.04 3360 1.04 5070 
0.97 F 0.97 4320 0.98 4850 
0.90 2590     
0.84 2880 0.82 3160 0.84 3800 
0.79 2780 0.79 2930 0.79 3380 
Source: Araos (2013)   
 ALUMINIUM OXIDISER 
Aluminium powder (Al) as an additive has been widely used in explosive products. The 
additional heat from the oxidisation of aluminium powders can result in a considerable 
gain in the heat of the explosion, leading to a more complete reaction and possible less 
toxic fume  (Meyer, Köhler et al. 2008). Al has been mixed into marketable commercially 
available products including: 
• Straight ANFO; 
• Heavy ANFO e.g. Blendex Al; 
• Straight Emulsion; 
• PETN, RDX or other molecule explosives, e.g. DBX, Hexal; and 
• Water slurries and gels. 
Typically, due to the high reactivity of pure aluminium, Aluminium Oxide as a coating is 
present. This stable coating causes delays or prevents reactions, thereby causing an 
explosive reaction to occur too slowly under normal test conditions. Unfortunately, 50/50 
mixes of aluminium oxide and water creates a reaction with almost twice as much specific 
energy as TNT. However, this reaction is too slow to use in a bulk mining scenario 
(Davison and Johnson 1999). It is suggested by Davison and Johnson’s literature 
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reviews that activating these aluminium and water blends through the use of electrical 
pulses could excite the aluminium to react quicker. However, the addition of HP product 
could also provide the same level of excitation to promote detonation (Friedman and Ury 
1977). 
This thesis will focus on the characterisation of hydrogen peroxide/hydrocarbon based 
and aluminium /HP mixtures. These appear to offer a feasible alternative to eliminate 
fumes and minimise re-entry times. The proposed experimental program is described in 
the following chapter. 
 
 
41 
 
2.5. CONCLUSIONS 
A comprehensive review of the literature has indicated that explosive cartridge products 
have evolved from initially being manufactured from nitro-glycerine to current ammonium 
nitrate based products. Safety was the main driver for these technological advances. 
Nitro-glycerine is highly sensitive (Akhavan 2011) and resulted in  multiple fatalities and 
loss of equipment, which led to the development of Pentaerythritol tetranitrate (PETN) 
during world war II. PETN was later mixed with TNT to produce the high energy cartridge 
explosives known today as boosters/primers. Although PETN/TNT mixtures were a safer 
cartridge solution, they were also expensive. Cost effective cartridge solutions were 
developed using ammonium nitrate based explosives, water gels, emulsions and dry 
powders. These AN cartridges are used across the mining industry, particularly within 
the underground environment. To ensure a complete detonation reaction explosive 
suppliers manufacture AN products to be oxygen positive. During the detonation reaction 
the excess oxygen has a high pertinacity to bind with nitrogen to form nitrous oxides. 
Being a toxic fume, nitrous oxide fume generation is a production and safety concern 
whilst using current commercially available bulk explosive products.  
Eliminating nitrates from the explosive mixture, eliminates the possibility of nitrous fume 
generation. This was the original idea that was fundamental for the 2013 work from the 
ACARP project (Araos and Onederra, 2013) which aimed to develop an explosive that 
eliminated post-blast generation in open pit coal mines. Since the original development 
of low concentration hydrogen peroxide oxidiser alternative explosives, hybrids have also 
been developed utilising calcium ammonium nitrate and sodium nitrate salts (Araos and 
Onederra, 2017). Both alternative oxidiser salts mixed with hydrogen peroxide watergels 
in a heavy ANFO type blend showed successful detonation attempts for large diameter 
charges. 
Minimal work has been completed to date on the alternative explosive formulations in 
smaller diameter charges and hence the application of this new technology in the 
underground mining environment. Underground drill and blast configurations are 
different to open pit, requiring an explosive that is detonator sensitive and capable of 
performing at small diameters. Characterisation of alternative explosive formulations for 
the underground environment and evaluation under these conditions was needed. 
Furthermore, the value potential for these alternative technologies needed to be 
determined to enable industry uptake. No ventilation simulation modelling existed for the 
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alternative formulations, so the increased availability of production time from reduced re-
entry time was not inferred. Desktop ventilation simulation is initially required to prove 
the value potential prior to full gas composition testing which requires capital outlay.       
This review also identified two alternative explosive products that are possible for testing 
for cartridge products; Hydrogen peroxide oxidiser, and a hydrogen peroxide oxidiser 
with an aluminium additive. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CHAPTER 3 - Research Methodology 
 
Research Methodology 
 
This chapter provides a description of the research approach adopted in this 
thesis. Two elements are discussed including details of an experimental 
program to characterise the detonation performance of alternative NOx free 
explosive products; and desktop analysis involving mine ventilation 
modelling to evaluate the potential of such products for faster re-entry to 
support rapid development applications. 
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3.1. INTRODUCTION 
This Chapter describes the research approach, discussing the main components of an 
experimental and modelling program. The experimental program consisted of unconfined 
surface tests of alternative formulations recently developed that use hydrogen peroxide 
as the main oxidizer; and eliminate the production of NOx fumes. From surface tests, 
three (3) important characteristics can be determined namely VOD, density and critical 
diameter. These tests also allow for the determination of the most appropriate product 
formulation to enable a more efficient implementation of the products in the field.  
In order to better understand the potential benefits of alternative explosive products, 
ventilation modelling was conducted with the VentSim program. VentSim is an industry 
available product that allows for the creation of a full ventilation simulation for an 
underground mine.  The process involved quantifying and comparing expected clearance 
times for standard ammonium nitrate based explosives and alternative peroxide based 
explosives.  
To support the research approach, procedures needed to be developed. Procedures are 
defined as the standard process employed for any task. They take into account all safety 
precautions at every step, along with any operational hindrances. The objective of a 
procedure is to ensure a safe process can be consistently applied repeatedly without 
variation of results (ComCare 2017). Procedures for infield research data collection are 
particularly important to ensure repeatable tests from which comparable data can be 
abstracted. For the infield unconfined tests of alternative cartridge explosive products, 
these procedures are applicable to the instrumentation of every test as well as to the how 
the data is collected. The characteristics being assessed through the unconfined tests 
are split into the relevant procedural points as shown in Table 3.1-1. To ensure consistent 
results, each requires a set procedure. 
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Table 3.1-1 Instrumentation and data collection characteristics 
Instrumentation Data Collection 
Detonation characteristics at varying diameters 
• VOD measurement + High speed 
camera assessment 
Stoichiometrically correct detonable 
formulation: 
• Is the product formulation capable of 
supporting a complete detonation front? 
Detonation characteristics at varying densities 
• VOD measurement + High speed 
camera assessment 
Critical Diameter 
• Is the product at critical diameter or not? 
CJ curve characteristics 
• High speed camera assessment 
Detonator sensitivity 
• Is the product formulation and diameter 
capable of supporting a complete 
detonation front? 
 CJ curve characteristics 
• Does the primary & secondary reaction 
zone change with product formulations 
and diameters? 
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3.2. OVERALL APPROACH 
In order to employ a newly developed explosive within the mining environment it needs 
to be characterised. The objective of characterising the product is to ensure an 
intrinsically safe product prior to implementation onsite. A quantitative evaluation of the 
explosives characteristics have to be performed. Meyer (2008) proposed that the 
minimum characteristics required from infield tests are: 
• Critical diameter; 
• Velocity of detonation; 
• Detonator sensitivity; and 
• Gas composition and quality. 
Knowledge of the above list of parameters for an explosive allows for the accurate 
development of a risk assessment for the new product and the identification of all 
necessary critical and mitigating controls. From a drill and blast design point, these 
parameters allow for the correct matching of selected explosives to the ground conditions 
and predicative modelling of the blast outcomes. For underground mines, the gas 
composition and quality is particularly important, due to the closed loop ventilation 
systems used and the effect on re-entry times.  
 CRITICAL DIAMETER 
For any explosive, to maintain steady state detonation conditions requires a finite cross-
sectional explosive area (diameter) and a set run distance (Tran, Tarver, et al. 2002). 
The critical diameter is defined as the minimal cross-sectional explosive area that 
supports a detonation front. Critical diameter is an important characteristic for an 
explosive, particularly cartridge products used underground. Explosives users want to 
know the minimal hole diameters that can be used to ensure a complete detonation. As 
cartridge products used underground can be used in-hole diameters ranging 
25mm - 64mm, the critical diameter of the product is vital.    
The critical diameter of an explosive can be determined through both unconfined and 
confined testing. Two methods for conducting these tests are: 
• Success/Failure tests: Easy to conduct, however time consuming 
• Conical tests: Requires electronic testing equipment and a visual indictor 
Success/Failure testing is purely testing explosive products where the only variable is 
the charge diameter. Researchers simply mark whether the detonation front was 
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supported in the tested diameter or not. The minimal diameter that supports a detonation 
front is therefore the critical diameter. Although this method is simple and produces 
results, it is time consuming and not very cost effective as multiple tests are required to 
determine the failure diameter. 
The alternative method is conical testing. Instead of a cylindrical charge column as used 
in success/failure testing, a conical cone is used (Badners and Leiber 1992). The opening 
diameter and length are set to ensure initiation and VOD sustainability to be achieved. 
The point at which the detonation front ceases, is the critical diameter. Any diameter 
smaller i.e. further down the length of the cone, will not support a detonation front. Due 
to the overrun nature of an explosion, a velocity of detonation (VOD) trace needs to be 
installed on each cone test. A VOD trace allows the user to electronically assess the 
point at which the VOD dropped below that expected of a detonation front. This electronic 
data can also be compared to a visual indicator during unconfined testing, such as a 
metal ruler (Jaffe 1962). 
Critical diameter can also be determined through empirical models. Kobylkin (2006) 
proposed that critical diameter could be theoretically calculated based on the shock-
wave amplitude as it travels post initiation. 
 VELOCITY OF DETONATION 
An explosive reaction is a violent chemical reaction. The rate at which this occurs, and 
subsequent velocity of the detonation front through a column of explosive is known as 
the velocity of detonation or VOD.  
Every explosive supplier provides a VOD range for each product. During field testing, 
these products can produce varying VOD results.  Much research has shown that the 
mechanisms affecting the initiation and detonation velocities include density, explosive 
surface area (the extent that the charge diameter exceeds the critical diameter), the 
oxidiser particle size (Tourné 2013) and the length of the charge (Tran, Tarver et al. 
2002). Run-up length required to sustain a steady state detonation velocity is also 
affected by the amount of energy that is lost at the edge of the explosive column. The 
smaller a charge diameter, the more energy lost due to edge effects. If the charge 
diameter is close to the critical diameter then there is a higher risk that boundary energy 
loss will occur. Ultimately this will result in excessive time for the VOD to reach a steady 
state or the detonation front will die out altogether (Tran, Tarver et al. 2002).  
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Due to the small diameter of cartridge product, there is an increased risk of boundary 
energy loss. This could explain why measured in-hole VODs conducted by Gupta, 
Adhikari, et al. (2011)  indicated that results were higher than the values quoted by the 
explosive suppliers, suggesting that the suppliers report the worst case scenario figures.   
To understand the performance characteristics of a non-ideal explosive unconfined VOD 
testing is required at various densities, charge column diameters and initiation sources 
(detonator only or primer).  
Currently, two types of VOD measurement tools dominate the market. The MREL 
Microtrap and ShotTrak VOD 305 (Figure 3.2-1). The ShotTrak system records the 
distance of the detonation propagation by inducing a pulse down the coaxial cable. This 
pulse pings off the end of the cable which the detonation front has broken. As the pulse 
period is precise, it enables the distance to be calculated based on time and therefore 
the velocity of the detonation front through the coaxial cable (ShotTrack Pty Ltd 2016). 
The MicroTrap records based on the change in resistance across the coaxial cable. The 
explosives detonation front creates a differential between the high resistance wire in the 
centre of the coaxial cable and the outer braided wire mesh that completes the circuit. 
As the cable is consumed the resistance changes and the change is measured against 
time (Zeeman 2017). Setting the resistance change rate against a recording rate, 1 MHz 
or 2MHz, allows for the determination of the VOD. User preference determines which 
measurement tool a mine or research team will use. 
 
Figure 3.2-1 ShotTrak VOD 305 (left) and MREL Microtrap (right) 
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 DETONATOR SENSITIVITY 
A product is deemed detonator sensitive if it will continue to sustain a detonation front 
after being initiated by an 8G detonator only. Cartridge product should ideally be 
detonator sensitive to maintain cost control and ease of use. Although some underground 
cartridge products, such as Johnex EconoTrim, have a booster built into the explosive 
cartridge (Johnex Explosives 2016). Full hole length dry AN powder product is used to 
offset the additional cost of the booster. It would not be cost effective for a 200mm 
emulsion cartridge to require a booster to initiate it. 
A detonator sensitive explosive product is also known as secondary explosives, because 
it will not readily detonate by an external shock or heat source. Secondary explosives 
require the detonation of a primary explosive to facilitate a shock source (Tourné 2013). 
The most common primary explosive used in the current mining industry is Lead Azide, 
which is the main component of detonator caps. There are varying degrees of sensitivity 
of secondary explosives. Loose ANFO prill is not sensitive enough to sustain a 
detonation front from a detonator shock energy. Loose ANFO requires a more powerful 
energy release such as that from a PETN booster. On the other hand, pulverised ANFO 
will detonator using a detonator only. Pulverised ANFO is therefore detonator sensitive. 
It is critical that cartridge products are detonator sensitive and do not require an external 
energy source other than that provided by an 8G standard detonator.    
Detonator sensitivity is determined through Success/Failure trials, supplemented with 
the VOD trace data. Even though a detonator might cause an explosive column to initiate, 
if a sustainable steady state VOD is not achieved, then the product is deemed not 
detonator sensitive. As with VOD, detonator sensitivity changes with diameter, but 
inverse to VOD behaviour. The smaller a diameter, the more detonator sensitive it is. 
This is due to the set Lead Azide energy output in an 8G detonator. If the charge diameter 
is too big, there will not be enough energy from the Lead Azide to create a detonation 
front over a large surface area. 
 GAS COMPOSITION AND QUANTITY 
The composition and quantity of gases generated from any new explosive formulation 
needs to be determined. As discussed previously, the ideal chemical formula for 
ammonium nitrate based explosives is not necessarily the chemical reaction that occurs 
in the field. Therefore, gas composition testing is required to be conducted for several 
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scenarios to mimic conditions found in the field and determine the actual chemical 
reaction formula. Three conditions to be tested are: 
• Heavily confined; 
• Lightly confined; and 
• Non-confined. 
From gas composition and quantity testing, gas dispersion rates and therefore re-entry 
times can be estimated. In particular, carbon dioxide (CO2) and carbon monoxide (CO) 
levels in the nitrogen free explosives has to be known to make an accurate re-entry time 
assessment.  CO2 is a heavy gas, and the last blast fume (using conventional commercial 
explosives) to leave an underground area. Therefore, determining the quantity of CO2 
produced per kilogram of alternative explosives is needed for simulation modelling of 
clearance times. The density of CO2 and CO, at 20oC 101.325 kPa is 1.842 kg/m3 and 
1.65 kg/m3 respectively (African Oxygen Limited 2017). Research into ammonium nitrate 
based explosives indicates that the yield of CO is 0.015 kg/kgexp (Sujansky and Noy 
1999). Knowledge of the quantity of gases within a volume, and knowing the ventilation 
flow rates allows for the re-entry time to be estimated, based on when the last gas leaves 
the fired heading. 
CO is a colourless fume which will bind to the haemoglobin in blood cells, making it a 
toxic gas to humans. In regards to occupational exposure limits (OEL) CO is the gas 
used as the main indicator of safe re-entry. Internationally, the OEL for CO is 30ppm. 
Underground gas detectors will alarm if CO registers at 30ppm or higher. It is not safe to 
re-enter. If the gas levels are lower than 30ppm CO, then the area is safe for work to 
commence in as the OEL is not breached. Knowledge of the gas composition and 
quantity from alternative cartridge explosives will allow for safe re-entry time predictions. 
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3.3. DESCRIPTION OF EXPERIMENTAL PROGRAM 
 EXPERIMENTAL PROGRAM OBJECTIVES 
Initial test results in January 2014 and November 2014 by Araos (2015) had shown some 
promising results for small diameter alternative explosives. Following these tests a 
comprehensive test program was established for November 2015 testing to assess the 
impact of diameter and density variations on VOD and detonator sensitivity. As every 
test was recorded by high speed video (HSV) analysis of the primary and secondary 
reaction zones were also possible.      
The objective of these tests were to immediately define the critical diameter and 
detonation characteristics for the various densities initiated with a detonator only. The 
purpose of analysing the HSV footage is to confirm the VOD recorded via coaxial cable, 
and then assess the reaction zone parameters.  
There were three research questions associated with this experimental program: 
1. At a set density, will the product detonate in a 34 mm charge diameter with a 
detonator only? 
2. At a set density, what is the minimal diameter that will support a detonation front? 
3. Is there a difference in detonation parameters if the sensitiser is changed? 
 SURFACE TEST SITE SETUP  
To be able to test and analyse the new products ability to detonate, and its explosive 
characteristics the following equipment is required: 
• Steel frame for suspending the explosive cartridge; 
• A quick hitch device on the explosive product that can be attached to the steel 
frame quickly but is able to be destroyed during the detonation reaction; 
• MREL Microtrap data acquisition system with multiple channels; or alternatively 
the SHOTRACK VOD measurement system; 
• VOD co-axial cable; 
• Perspex cylinders at specific diameters (e.g. 25mm to 32mm); 
• High speed camera, 100,000fps; 
• Plywood barrier with perspex window to protect camera from shrapnel; and 
• A safe designated product mixing point. 
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Further to this, a person deemed competent in the use and handling of explosives and 
holds the appropriate state and national shot firer tickets is also required for the 
detonation and connection of all tests.  
Data pertaining to cartridge products was obtained from four separate site testing trips. 
Safety is the number one priority during these test days. As such, a test day risk 
assessment (Araos and Onederra 2014) was completed and followed. As part of the risk 
assessment, a blast exclusion zone was established at 200 m from the blasting test area. 
The setup of the high speed camera had to be automatic as it is within the blast exclusion 
zone. The setup employed on test days used a microphone to trigger the camera that 
was set on an 8 s pre-record loop. The noise of the initiation would then continue the 
recording. Protection to the front of the camera also had to be established   to protect the 
camera from the shockwaves of the tests and if a foreign body become airborne during 
a test. Figure 3.3-1 shows a schematic of the site setup and the explosive blasting 
exclusion zone used during these tests. Figure 3.3-2 shows a close up view of the test 
area with the high speed camera location. 
 
Figure 3.3-1 Gore site testing setup schematic 
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Figure 3.3-2 Gore site testing setup 
 
 UNCONFINED SURFACE TESTS DATA COLLECTION 
To enable consistent and reliable data collection whilst completing infield testing, a 
defined set of procedures need to be followed. 
The data that needs to be collected from the unconfined surfaces tests are: 
• Density of the product; 
• Detonation state; 
• Velocity of detonation; and 
• High speed video. 
To record the density of the alternative explosive product a vesicle with a known volume, 
such as a small measuring jug is needed along with mechanical kitchen scales. As the 
product is mixed by hand and the sensitiser added, the density can be checked. From 
the mixing bucket, a sample of the mixture can be taken by filling the known volume 
vesicle fully and weighing to determine density. If the density is incorrect, the sample can 
be added back to the bucket and the density of the entire product altered. To re-check 
the density of the alternative explosive product sample per test, the volume of the 
unconfined surface cylinder at each specified diameter is determined prior to the test 
day. When the cylinder is loaded with product, it can be re-weighed. Using the known 
cylinder volume and sample weight, the density of each sample can be confirmed. The 
density of the product is recorded on a standard test datasheet. 
 
 
Test area 
with Blasting 
Mat 
High Speed 
Video tent 
54 
 
Recording of the detonation state is purely a pass / fail criteria, and is marked on the test 
datasheet. If the product detonated completely then it is marked as a pass, if it didn’t 
detonate it is marked with a fail. 
Analysing the VOD trace (Figure 3.3-3) is completed in the MREL Data acquisition Suite 
(DAS) which is the free software component for reading VOD data from the Microtrap. 
Time 0s, marks the detonation of the electronic detonator, and the booster, shown by the 
peaks in VOD. The steady state VOD that is achieved once the cartridge has started 
initiated is shown and recorded as 3190 m/s in this example. Results from some VOD 
samples might be ambiguous. In order to correctly define the trace of the 
detonator/booster and the product, the high speed video also needs to be referenced. 
When the detonation of the charge column can physically be seen to begin and end, 
these times can be cross referenced with the VOD trace to set the start and end lines for 
VOD analysis.  
 
 
Figure 3.3-3 VOD Trace: Test14 26th November 2014 
 
The high speed video is recorded by a professional to ensure consistent capture of all 
required detonation frames for every sample. Once the frames have been captured, they 
can be analysed in a free software called Tracker, as shown in Figure 3.3-4. Once the 
software is open, the video needs to be calibrated to ensure the correct: 
• Video time zero is when the detonator initiates; 
• Distances are defined for the video; and 
• Correct Frames per second is being used.    
3190 m/s 
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Figure 3.3-4 Analysis of the detonation front velocity, and gas expansion in Tracker 
 
The comprehensive step by step procedure for calibrating and using Tracker is shown in 
Appendix C 
The full data set collected from the unconfined surface tests are shown in Table 3.3-1. 
Each test has been label with a test number for reference simplification throughout this 
thesis. Appendix D and Appendix E lists the actual test numbers on the specified days, 
and images of the cartridge tests respectively.  
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Table 3.3-1 Complete testing data set 
 
 UNCONFINED SURFACE TEST SAMPLE PREPARATIONS 
As these tests are unconfined explosive tests conducted on the surface, the receptacles 
that contain the explosives must provide as minimal confinement as possible, whilst still 
be sturdy enough to support the weight of the explosive test material. Furthermore, the 
detonation process must not be hindered by any external factors and must be visible for 
recording on a high speed video camera. As such, it was decided that perspex pipe would 
be used and suspended in the air. Suspending the samples in the air ensures a uniform 
detonation front throughout and around the explosive column. This is better practise then 
Test # Date Oxidiser Sensitiser Density Diameter Initiation Detonation?
1 17 Nov 15 44% Gas Bubbles, O2 0.83 g/ml 34 mm det only Yes
2 17 Nov 15 44% Gas Bubbles, O2 0.83 g/ml 27 mm det only Yes
3 17 Nov 15 44% Gas Bubbles, O2 0.83 g/ml 20 mm det only Yes
4 17 Nov 15 44% Gas Bubbles, O2 0.49 g/ml 34 mm det only Yes
5 17 Nov 15 44% GMB 1.02 g/ml 34 mm det only No
6 17 Nov 15 44% Gas Bubbles, O2 0.49 g/ml 27 mm det only Yes
7 17 Nov 15 44% Gas Bubbles, O2 0.49 g/ml 20 mm det only Yes
8 17 Nov 15 44% GMB 0.81 g/ml 34 mm det only Yes
9 17 Nov 15 44% GMB 0.89 g/ml 34 mm det only Yes
10 17 Nov 15 44% GMB 0.89 g/ml 27 mm det only Yes
11 17 Nov 15 44% Gas Bubbles, O2 0.63 g/ml 34 mm det only Yes
12 17 Nov 15 44% Gas Bubbles, O2 0.63 g/ml 27 mm det only Yes
13 17 Nov 15 44% Gas Bubbles, O2 0.63 g/ml 20 mm det only Yes
14 13 Apr 15 44% Gas Bubbles, O2 0.8 g/ml 25 mm Primer Yes
15 14 Apr 15 44% Aluminium 1.04 g/ml 32 mm Primer No
16 15 Apr 15 44% Gas Bubbles, O2 0.8 g/ml 25 mm Primer Yes
17 15 Apr 15 44% Gas Bubbles, O2 0.8 g/ml 25 mm det only Yes
18 25 Nov 14 50% EPS + Gassing 0.7 g/ml 23 mm Primer No
19 25 Nov 14 50% EPS + Gassing 0.7 g/ml 44 mm Primer Yes
20 26 Nov 14 50% Gas Bubbles, N2 0.95 g/ml 23 mm Primer Yes
21 26 Nov 14 50% Gas Bubbles, N2 0.95 g/ml 44 mm Primer Yes
22 17 Jan 14 44% Gas Bubbles, N2 0.97 g/ml 23 mm Primer No
23 17 Jan 14 44% Gas Bubbles, N2 0.97 g/ml 32 mm Primer Yes
24 17 Jan 14 44% Gas Bubbles, N2 0.9 g/ml 23 mm Primer Yes
25 17 Jan 14 44% Gas Bubbles, N2 0.84 g/ml 23 mm Primer Yes
26 17 Jan 14 44% Gas Bubbles, N2 0.79 g/ml 23 mm Primer Yes
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laying the unconfined test on the ground, as the portion of the sample that is touching 
the ground could potentially have a different energy propagation compared to the side 
open to air as shock waves bounce off air contacts. Suspending the test sample also 
allows for accurate and clear recording of the detonation front moving through the column 
with the high speed camera. From these videos it is possible to start assessing the CJ 
curve characteristics. 
Each individual test sample is in a clear perspective pipe, 50cm in length. Along the front 
of the pipe 5cm increments were marked, as shown in Figure 3.3-5. The 5cm marks are 
used when analysing the video to set the calibration measurements (See Appendix C). 
From this calibration, the velocity of the detonation front can be determined. 
The diameters of the cylindrical 5 mm perspex pipes used for cartridge testing are: 
• 23 mm; 
• 32 mm 
• 44 mm; and 
• 54 mm. 
The test samples are suspended containing upwards of 5kg of explosives weight. 
Therefore the suspension mechanism must be robust and sturdy enough to support this 
weight, whilst also allowing for a timely setup of the sample. The most time effective 
setup process was using bailing twine knotted at both ends with scotch tape. Larger 
samples would also use cable ties to secure the bailing twine. 
To ensure that there was 100% visibility of the detonator and the booster initiation, the 
scotch tape application had to ensure that it was not excessive enough to hinder the view 
of the primers initiating. 
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Figure 3.3-5 Perspex pipes for test samples 
For VOD measurement, the MREL Microtrap uses MREL specific optical fibre for 
recording of the VODs called probecable and probecable-LR. The former being able to 
record resistance at 10.8Ω/m (MREL 2014).  This fibre is expensive as it has been 
branded. To maintain a cost effective testing routine, the probecable couldn’t be attached 
and doubled over for every test sample. So to still get consistent results, and maintain a 
cost effective yet time efficient test program, the green probecable coaxial cable was 
taped onto the test containers in small length prior to loading with any explosives. The 
MREL system records VOD based on change in resistance and will only record between 
the ranges of 50Ω and 3,000Ω (MREL 2014). The test sample lengths are only 50cm, 
which is short compared to an open pit production hole length, and by themselves do not 
provide enough resistance for the MREL to commence recording. To combat this, 
resistors need to be added to the twitched end of the green probecable coaxial cable, as 
shown in Figure 3.3-6. Immediately prior to firing, the probecable is connected to a 
standard black core coaxial cable which has been run to the Microtrap recorder. The 
complete circuit is tested for resistance range prior to firing, and then set to trigger.  
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Figure 3.3-6 Resistor on the end of the MREL coaxial cable 
The final setup of VOD equipment is shown in Figure 3.3-7. When the detonation front 
proceeds through the cartridge and the attached VOD cable, it creates a differential 
across the optical fibre and its core wire as shown. This is then recorded by the Microtrap 
and the VOD determined. 
The complete procedure for VOD setup per test sample is details in Appendix F. 
  
 
 
Figure 3.3-7 VOD cable setup and test cartridge 
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3.1.1. HIGH SPEED CAMERA SETUP 
The high speed video camera needs to be manned and operated by a competent person. 
If the system is setup incorrectly the following issues can occur: 
• The camera doesn’t trigger to automatically record the unconfined surface test; 
• The frames per second are incorrect and the record does not show the test in 
enough detail; 
• The brightness of the recording is incorrect and doesn’t take into account the 
intensely bright detonation front resulting in an overexposed shot; and 
• Is not in focus or the sample is not correctly lined up in the frame which doesn’t 
allow for accurate analysis of the video. 
To obtain the best quality videos possible, the high speed video has to be setup within 
close proximity to the test area. This close distance puts the camera at risk of being 
damaged by shrapnel from the suspended surface tests. To prevent any damage to the 
camera and associated equipment a plywood barrier was erected with a built in perspex 
window for the camera lens. This barrier was tightly secured to the camera tent setup 
which was secured to the ground. This setup also prevent any damage from the 
shockwaves from the surface test. These risks were identified as hazards during the risk 
assessment and the appropriate preventative measures put in place prior to any test 
work commencing. 
Due to the extremely quick velocity of detonation of explosives, a high speed video 
camera capable of capturing 100,000 fps is needed. Using a camera capable of this 
frame per second, allows for a large data set for frame by frame analysis per sample. If 
the camera cannot capture enough frames, the video frame data set for a test sample 
could be as low as three frames. Three Frames is not enough to accurately determine 
the VOD and gas expansion rate of the product.
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3.4. VENTILATION MODELLING USING VENTSIM 
The objective of completing a desktop blasting simulation model was to determine the 
potential value added from a reduced re-entry time through the use of alternative 
explosive products. Therefore allowing for a ball park figure prior to physical testing in a 
real mining environment. 
The desktop analysis to evaluate the potential benefits of alternative explosives was 
conducted with the VentSim program. VentSim is an industry available product that 
allows for the creation of a full ventilation simulation for an underground mine (Chasm 
Consulting 2017). Once the mine layout has been uploaded into the software, the various 
drives can be marked as: 
• Fresh air intakes; 
• Return air exhausts; 
• Ventilation walls; and 
• Drives with secondary ventilation, including bag and fans. 
As part of the simulation component of VentSim, a user can also add a blast simulation 
to areas of the mine to determine the clearance time of these areas based on current 
ventilation infrastructure. It can be setup for both development and production blasting.  
The gas clearance method behind the VentSim models was originally developed by 
Stewart (2014) based on logarithmic decay series with dilution factors added. These 
theoretical models were applied to the discrete cell transport method and throwback 
method that is used by VentSim Visual.    
The parameters required for an underground blast simulation include: 
• An accurate mine plan design; 
• Known drive and raise dimensions; 
• Drive surface resistance, friction co-efficient; 
• Ventilation fan requirements, both primary and secondary; 
• Ventilation ducting size; 
• Explosive characteristics; and 
• Total explosives per face fired. 
Contaminant concentration is unitless, and the simulation is run according to the 
concentration the user input. For example, 100 could indicate 100% of the fume is at the 
release point, therefore as the fume decays all results of the spread mix will be the 
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percentage of fume left in that airway. The required known inputs for the blast simulation 
are kilograms of explosives and the dispersion factor. The dispersion factor is the model 
validation parameter. For a blind heading that is ventilated by vent ducting, the dispersion 
factor would be slow to very slow depending on the distance from the next return air 
raise. This will be the dispersion factor for all development headings, as they are not in 
direct free-flowing airways. By default, VentSim is setup to monitor the carbon monoxide 
output from emulsion. As such, default settings are a gas density of 1.16 kg/m3 with a 
yield factor of 0.015 kg/kgexp (Chasm Consulting 2016).   
For alternative explosive products gas composition testing has not yet been completed, 
these numbers have to be theoretically calculated from the explosive reaction formula 
(Equation 10). 12𝐻𝐻2𝑂𝑂2 + 𝐶𝐶6𝐻𝐻10𝑂𝑂5 → 17𝐻𝐻2𝑂𝑂 + 6𝐶𝐶𝑂𝑂2                                         (10) 
Using the universal gas constant in the ideal gas law the density of a gas can be 
determined from its molecular weight (Sciencing 2016). 
 VENTILATION SIMULATION MODELLING 
Data collection from VentSim is completed by setting up monitor points within the 
ventilation model. A monitor point is a setting that can be turned on at every editable 
point within a ventilation model. When performing a dynamic simulation, such as blast 
fume contaminant simulation, the monitor will record the specified contaminant 
concentrations at every time instance throughout the simulation  (Chasm Consulting 
2017). Figure 3.4-1 shows what a monitor graphically looks like within VentSim. In this 
example, the monitor is placed at the end of a drive, immediately after a simulated blast. 
On completion of running a dynamic simulation, the monitor is able to be accessed and 
queried for data. The resultant contaminant concentration over time graph for is 
displayed in Figure 3.4-2.     
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Figure 3.4-1 Blast location followed by a Monitor spot 
 
From the below monitor graph, the user has the option to either save the data into excel 
for further analysis, or take a snapshot of the graphed image. For this thesis, both data 
collection methods were used. Using the Excel data, it was easy to pinpoint the exact 
second that the area in question had a carbon monoxide concentration of 30ppm or less, 
which then deems the area as safe to re-enter (Safe Work Australia 2011). 
 
 
Figure 3.4-2 Contaminant concentration over time graph 
 
 
64 
 
3.5. CONCLUSIONS 
As alternative cartridge explosives are a new product, testing is required to define the 
performance characteristics of the product prior to implementation within an operating 
underground mine. Initially, an unconfined surface test program was established to 
determine the main characteristics:  
• Critical diameter; 
• Detonation characteristics at varying: 
o Diameters; and 
o Densities. 
• Stoichiometrically correct detonable formulations; 
• Detonator sensitivity; and 
• CJ curve characteristics. 
In order to complete these surface tests, a test site has to be established. As part of this a 
complete risk assessment was completed to identify any risks and place mitigating controls 
in place to reduce the likelihood and consequence of these hazards. An identified critical 
control was the establishment of a blast exclusion zone. On completion of setting up a safe 
and practical test site, equipment to complete each test and abstract the most amount of 
data per sample was required. The following is the final list of test equipment for the Gore 
test site: 
• Steel frame for suspending the explosive cartridge; 
• A quick hitch device on the explosive product that can be attached to the steel frame 
quickly but is able to be destroyed during the detonation reaction; 
• MREL Microtrap data acquisition system with multiple channels; or alternatively the 
SHOTRACK VOD measurement system; 
• VOD co-axial cable; 
• Perspex cylinders at specific diameters (e.g. 25mm to 32mm); 
• High speed camera, 100,000fps; 
• Plywood barrier with perspex window to protect camera from shrapnel; and 
• A safe designated product mixing point. 
On the successful completion of all surface unconfined tests, if a viable cartridge product 
formulation exists, determining the value potential is necessary. The application of an 
alternative cartridge explosive product to the underground mining environment has the 
potential to reduce or eliminate re-entry times and thereby increasing the available 
production time. Determining what this value potential is in different scenarios can assist 
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with the future work required to produce a commercially available alternative cartridge 
product. Completing ventilation simulation modelling in VentSim can show this value 
potential by comparing carbon monoxide clearance times for AN emulsion cartridge product 
to HP alternative cartridge product. Within VentSim each model being completed needs to 
only have the explosive product as the variable. All drive dimensions, friction co-efficient, 
fan parameters and air flows must remain the same. 
All data pertaining to ventilation simulation models is acquired through the setup of monitors. 
These are strategically placed at known locations within the ventilation model. Following a 
dynamic simulation, when queried, the monitors show the containment contamination over 
time graph as well as the opportunity to further analysis this data within Excel.  
Once defined procedures have been set for instrumentation and data collection, both infield 
testing and desktop modelling can commence. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CHAPTER 4 – Analysis of Experimental Data 
 
Analysis of Experimental Data 
 
 
This chapter provides an analysis of the data collected in the experimental 
program. It details the characterisation results of the alternative HP based 
explosive cartridge products with analysis focusing on the sensitivity of 
different HP formulations, measurements of critical diameter, detonation 
performance and gas expansion characteristics.   
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4.1. INTRODUCTION 
In total, twenty six (26) unconfined surface tests were completed that contributed towards 
the alternative explosive cartridge product characterisation and evaluation. All tests used 
hydrogen peroxide as the oxidiser, however at different strengths (44% or 50% w/w). 
Other varied formulation parameters were the sensitiser used, density, diameter, and 
initiation type. Ultimately, the different combinations of the above resulted in either a 
detonable product or an inert product.  A summary of the data collected was provided in 
Chapter 4. 
This Chapter focuses on the following analysis: 
• Sensitivity of different HP formulations; 
• Detonator sensitivity; 
• Critical diameter; 
• Detonation performance and behaviour (VOD vs density and diameter) and 
• Gas expansion. 
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4.2. PRODUCT FORMULATION AND SENSITIVITY 
Peroxide based alternative explosives originally began development with the objective 
to eliminate the nitrates in the explosive formulation with particular reference to open pit 
coal mining (Araos 2015). Current commercially available explosives use nitrate 
oxidisers resulting in the generation of nitrous oxide fumes (Cavanough, Torrence et al. 
2013). Eliminating the nitrates, eliminates the nitrous fume generation. This was the first 
consideration for the product formulation, a detonable explosive product without oxidiser 
nitrate salts. 
Building upon those early developments, Five (5) base alternative explosive product 
formulations were proposed for testing as cartridge products. These were: 
• Low concentration hydrogen peroxide 50% w/w sensitised with: 
o Gas, either nitrogen or hydrogen peroxide decomposition (HP50gas) 
o Gas and expanded polystyrene balls (HP50EPS) 
• Low concentration hydrogen peroxide 44% w/w sensitised with: 
o Gas, either nitrogen or hydrogen peroxide decomposition (HP44gas) 
o Gas and expanded polystyrene balls (HP44EPS) 
• Low concentration hydrogen peroxide 44% w/w sensitised with  
o Aluminium additive and glass micro balloons (AlGMB) 
Current commercial explosive products have different detonation parameters based on 
their density (Meyer, Köhler et al. 2008). The less dense the product, the more sensitive 
it is, which results in a reduction of critical diameter. It is for this reason, that each product 
formulation tested consisted of varying densities to see how the critical diameter and 
steady state VOD was affected. Table 4.2-1 shows the seven (7) tests used to define 
product formulation. 
 
Table 4.2-1 Product formulation tests 
 
Test # Date Oxidiser Sensitiser Density Diameter Initiation Detonation?
5 17 Nov 15 44% GMB 1.02 g/ml 34 mm det only No
15 14 Apr 15 44% Aluminium 1.04 g/ml 32 mm Primer No
18 25 Nov 14 50% EPS + Gassing 0.7 g/ml 23 mm Primer No
19 25 Nov 14 50% EPS + Gassing 0.7 g/ml 44 mm Primer Yes
22 17 Jan 14 44% Gas Bubbles, N2 0.97 g/ml 23 mm Primer No
23 17 Jan 14 44% Gas Bubbles, N2 0.97 g/ml 32 mm Primer Yes
24 17 Jan 14 44% Gas Bubbles, N2 0.9 g/ml 23 mm Primer Yes
69 
 
From the above tests, two (2) were individual unrepeated test (tests 5 and 15). Test 
number 5 was not repeated, as the formulation using GMB resulted in a 1.02 g/ml density 
which couldn’t support a detonation front at 32 mm with a detonator only. As the main 
objective is to characterise cartridge products, no further tests were conducted, as a 
reduction in charge diameter size would result in a failure. Test 15 was sensitised with 
an aluminium additive. At 32 mm and a 1.04 g/ml density, the product did not detonate, 
hence the aluminium additive was not investigated further in this project. The other two 
(2) tests that failed were test 18 and test 22. Although these tests both failed at 23 mm 
diameter, both samples were successful at a larger diameter, indicating a higher critical 
diameter than the other product formulations. It was also noticed for the failed test 22, 
that a reduction in density from 0.97 g/ml to 0.90 g/ml allowed the support of a detonation 
front in a 23 mm diameter cartridge. 
Araos (2015) showed that initial tests of low concentration hydrogen peroxide explosive 
product (50% w/w) sensitised with nitrogen gas to a densities between 0.79 g/ml and 
0.90 g/ml could support a detonation front at 23 mm cylindrical diameter. These are 
represented by tests 24 -26 conducted in January 2017.  
The pass / fail detonation data in Table 4.2-1 was collected via field observation of 
whether any explosive cartridge and product remained after initiation of the test sample. 
All bar one test conducted prior to November 2015 was initiated by a primer, consisting 
of a 50 g PETN/TNT booster and 8G detonator. This is the case for test 20. Review of 
test 20 high speed video data, (Figure 4.2-1), shows that the back of the primary reaction 
zone is only evident 12 frames after primer initiation (Frame 2916), or 0.133 ms. This 
analysis originally posed the problem that the energy supplied from the primer was 
enough to consume the entire explosive column despite an un-detonable product. If the 
sample was longer than 50 cm, remanent explosives product would likely be observed, 
therefore resulting in a failed detonation. 
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Figure 4.2-1 Test 20 HP50gas 0.95 g/ml: Detonation propagation 
 
Additionally, on analysing the VOD trace for test 20, the VOD tapers off significantly at 
the end of the column, from 2,040 m/s to 390 m/s. Compare test 20 VOD data to test 21 
data, where there is a consistent VOD of 3090 m/s, as shown in Figure 4.2-2. Both tests 
20 and 21 were HP50gas product at 0.95 g/ml density, however with a 23 mm and 
44 mm explosive diameter respectively. It is hypothesised that the HP50gas 0.95 g/ml 
product formulation would not be capable of supporting a detonation front in a 23 mm 
column if fired by a detonator only. As such, this formulation was also abandoned.   
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Figure 4.2-2 Test 20, 23 mm (top) and test 21, 44 mm (bottom) 
 
Tests 18 and 19 are a HP50EPS formulation at a density of 0.7g/ml. These tests, 
although the same density, could support a detonation front at 44 mm, but not at 23 mm. 
A smaller 32 mm diameter was not tested, neither was varied densities. As with the 
HP50gas formulation, the HP50EPS product formulation supported a detonation front; 
but the critical diameter was still uncertain. Without the known critical diameter, the 
application of the product formula as a cartridge is also unknown. It was also noted that 
the addition of EPS visually decreased the viscosity of the HP product, which for a 
sleeved cartridge product is ideal. Current commercially available AN emulsion cartridge 
products are not noticeably affected by underground temperature variations as standard 
bulk emulsion often are (Tsykalo and Tabachnikov 1966). 
2040 m/s 
390 m/s 
3090 m/s 
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Some of the original test work completed in January and November 2014 sensitised the 
hydrogen peroxide slurry with a nitrogen gas (Araos and Onederra, 2015). This addition 
of N2 has the potential for readily creating nitrous oxide fumes if excess oxygen is 
produced in the reaction. The base density of the hydrogen peroxide slurry is 1.20 g/ml. 
Gassing this mixture down to the lowest test density of 0.7 g/ml, results in a 41% 
reduction in volume due to nitrogen gas within the mixture. The contribution of this level 
of N2 gas to nitrous fume development is not known. Since the November 2014 tests, all 
further samples sensitised with gas bubbles used a hydrogen peroxide decomposition, 
resulting in only O2 bubbles (Araos and Onederra 2015). The effect of polystyrene on 
post blast fume is also not known, however it is assumed that any unwanted emission is 
unlikely as the detonation reaction would have destroyed it (Commonweath of Australia 
2012).  
The AlGMB product, test 15 in Figure 4.2-3, was an incomplete detonation. Analysis of 
the high speed camera shows that 44% of the explosive column detonated. Analysis was 
conducted on the frame by frame detonation images shown in Figure 4.2-4, with the first 
frame being marked as Frame -5126. This frame clearly shows the detonation front, 
marked within the red box. The next frame, Frame -5125, shows a diminished detonation 
front with the gases starting to overtake the detonation reaction. Frame -5124 to -5121 
continue to show the expanding and engulfing gases with no detonation front visible. An 
incomplete detonation could be a result of the product not been sensitised enough which 
didn’t enable a steady state VOD. It was originally hypothesised that the addition of 
aluminium would power the detonation reaction enough to overcome the heavier product, 
however this was not proven with this singular test. Figure 5.2-3 shows the charge 
column prior to detonation, and there is no visible gaps, which could cause the detonation 
front to stop. The only conclusion drawn from this exercise was that the product 
formulation was not optimal and needed to be revised as part of future work. No further 
tests with aluminium were undertaken as part of this thesis due to time restrictions on 
the testing program. 
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Figure 4.2-3 Aluminium cartridge prior to detonation 
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Figure 4.2-4 Aluminium cartridge detonation front demise 
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4.3. DETONATOR SENSITIVITY 
Bulk explosives require the energy from the detonation reaction of a primer/booster to 
initiate the explosive column. Cartridge products have traditional been used as a primer 
in underground development to initiate the bulk explosive. Therefore, they are required 
to be detonator sensitive. Some commercially available cartridge products are designed 
to be initiated with a booster that is incorporated into the cartridge design. However for 
this thesis work to be commercially viable, having a detonator sensitive cartridge could 
result in a simple swap of products at underground mines instead of a complete change 
of process. 
A total of fourteen (14) tests were completed and fired with a detonator only, with test 
numbers shown in Table 4.3-1. Only one test failed to initiate with a detonator, test 5. 
Through analysis of the density/VOD relationship, it was most likely that the product was 
not sensitive enough to support a detonation front in a 34 mm charge diameter. 
Sensitising with GMB would have had less of an effect, considering GMB product initiated 
at the same diameter but at a lower density. 
 
Table 4.3-1 Detonator sensitivity data 
 
 
Effectively, four (4) product formulas at densities ranging from 0.5 g/ml – 0.9 g/ml are 
detonator sensitive. 
 
Test # Date Oxidiser Sensitiser Density Diameter Initiation Detonation?
1 17 Nov 15 44% Gas Bubbles, O2 0.83 g/ml 34 mm det only Yes
2 17 Nov 15 44% Gas Bubbles, O2 0.83 g/ml 27 mm det only Yes
3 17 Nov 15 44% Gas Bubbles, O2 0.83 g/ml 20 mm det only Yes
4 17 Nov 15 44% Gas Bubbles, O2 0.49 g/ml 34 mm det only Yes
5 17 Nov 15 44% GMB 1.02 g/ml 34 mm det only No
6 17 Nov 15 44% Gas Bubbles, O2 0.49 g/ml 27 mm det only Yes
7 17 Nov 15 44% Gas Bubbles, O2 0.49 g/ml 20 mm det only Yes
8 17 Nov 15 44% GMB 0.81 g/ml 34 mm det only Yes
9 17 Nov 15 44% GMB 0.89 g/ml 34 mm det only Yes
10 17 Nov 15 44% GMB 0.89 g/ml 27 mm det only Yes
11 17 Nov 15 44% Gas Bubbles, O2 0.63 g/ml 34 mm det only Yes
12 17 Nov 15 44% Gas Bubbles, O2 0.63 g/ml 27 mm det only Yes
13 17 Nov 15 44% Gas Bubbles, O2 0.63 g/ml 20 mm det only Yes
17 15 Apr 15 44% Gas Bubbles, O2 0.8 g/ml 25 mm det only Yes
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4.4. CRITICAL DIAMETER 
The critical diameter of an explosive product is the minimal cylindrical diameter that the 
product can support a detonation front towards a complete and stable reaction. Table 
4.4-1 shows the minimal diameters of test samples that allowed for the propagation of a 
detonation front. These are graphically represented in Figure 4.4-1. The oxidiser used 
for the formulations were: 
• Aqueous hydrogen peroxide 50% w/w; 
• Aqueous hydrogen peroxide 44% w/w; and 
• Aqueous hydrogen peroxide 44% w/w with aluminium powder (paint grade) 
additive. 
The alternative product was either sensitised by mixing in expanded polystyrene balls 
(EPS), glass micro balloons (GMB) or, gassed with nitrogen gas (N2) or a hydrogen 
peroxide decomposition (O2). The sensitisation of the product also meant that the density 
of the product could be altered by adding more or less sensitiser. 
On analysing the test data, it was evident that there is a relationship between density 
and critical diameter. As shown in Figure 4.4-1 altering the density also altered the critical 
diameter. This is a common connection seen in commercial explosives, with a greater 
sensitivity yielding an explosive product with a lower critical diameter. Therefore, for the 
alternative explosive cartridge product, the density of the product was directly 
proportional to the critical diameter. For example, for test 22, 0.97 g/ml in 23 mm, a 
detonation front was not supported and the test failed. A slight drop in density to 0.90 g/ml 
produced a full detonation front in 23 mm as shown in test 24. 
Comparing Figure 4.4-1 and Figure 4.4-2, it can be seen that the overall trend is not 
affected by the inclusion of the GMB data and assessing gassed product only. 
Comparison of the hydrogen peroxide decomposition sensitiser and the nitrogen gas is 
not possible as the nitrogen gas samples were initiated with a full primer opposed to 
detonator only. Initiating with a primer provides additional energy and run-up detonation 
shock front to the explosives column. Therefore, the critical diameter could be greater for 
the samples initiated with a primer compared to if they were initiated with a detonator 
only. 
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Table 4.4-1 Critical diameter data 
 
 
 
Figure 4.4-1 Critical diameter vs density 
 
Test # Date Oxidisier Sensitiser Density Diameter Initiation Detonation?
3 17 Nov 15 44% Gas Bubbles, O2 0.83 g/ml 20 mm Det only Yes
7 17 Nov 15 44% Gas Bubbles, O2 0.49 g/ml 20 mm Det only Yes
8 17 Nov 15 44% GMB 0.81 g/ml 34 mm Det only Yes
10 17 Nov 15 44% GMB 0.89 g/ml 27 mm Det only Yes
13 17 Nov 15 44% Gas Bubbles, O2 0.63 g/ml 20 mm Det only Yes
17 15 Apr 15 44% Gas Bubbles, O2 0.8 g/ml 25 mm Det only Yes
20 26 Nov 14 50% Gas Bubbles, N2 0.95 g/ml 23 mm Primer Yes
23 17 Jan 14 44% Gas Bubbles, N2 0.97 g/ml 32 mm Primer Yes
24 17 Jan 14 44% Gas Bubbles, N2 0.9 g/ml 23 mm Primer Yes
25 17 Jan 14 44% Gas Bubbles, N2 0.84 g/ml 23 mm Primer Yes
26 17 Jan 14 44% Gas Bubbles, N2 0.79 g/ml 23 mm Primer Yes
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Figure 4.4-2 Critical diameter vs density, gassing only 
 
Current commercially available cartridge products are capable of initiating at a 25 mm 
charge diameter (Maxam 2010, Orica 2011a), as well as a 32 mm charge (Johnex 
Explosives 2016). Comparing these cartridge diameters to the critical diameter test 
results in Figure 4.4-3, it can be seen that the only formulation that would not be 
appropriate for current requirements is the HP44GMB 0.84 g/ml product.    
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Figure 4.4-3 HP product testing compared to current commercial cartridges 
 
The GMB product is the only outlier in Figure 4.4-3. Product sensitised with GMB 
opposed to gas had larger critical diameters. Tests 10 (GMB) and tests 24 (Gas bubbles) 
both had similar densities, however the GMB product critical diameter was 27 mm 
compared to the gassed critical diameter of 23 mm. GMB are manufactured from glass, 
therefore each individual glass micro balloon has a mass associated with it. A similar 
density GMB product compared to a gassed product means that the GMB has less 
explosives mass per millilitre compared to the gassed product. As shown in Figure 4.4-4, 
within a cubic centimetre, a 1 g/ml of gassed product will have 1 g of explosive product 
as the gas bubbles mass is negligible. However, as GMB have a mass, within 1 g/ml a 
certain percentage will be explosives whilst the remainder will be GMB. This reduction in 
explosives mass for a similar density is the hypothesised answer to why there is an 
increase in critical diameter. Less explosives mass may result in detonation efficiency 
problems. 
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Figure 4.4-4 Gassed product vs GMB product, same density 
 
Test 15 AlGMB has at this stage an unknown critical diameter. It was the first and only 
test of this product formulation. Analysis of the high speed camera and VOD trace, shows 
that the cartridge only partially detonated. This partial detonation is most likely due to a 
sustained detonation front from the use of a primer for initiation. However, as the 
standard HP mixture has a density and critical diameter relationship, there is a high 
possibility that the aluminium mixture also has a similar relationship. More testing on the 
aluminium product will be required across multiple densities as part of future research 
efforts.  
During the November 2015 test program, three (3) conical tests were completed on the 
HP product which were outside the scope of the twenty-six tests completed for product 
characterisation. The objective of these tests was purely to see if conical tests could 
produce reasonable data, which is why the results are excluded from the twenty-six tests. 
Instead of a cylindrical charge column as used in all listed test data, a conical cone is 
used (Badners and Leiber 1992), as shown in Figure 4.4-5. The opening diameter and 
length are set to ensure initiation and achievement of a sustainable VOD. The point at 
which the detonation front ceases, is the critical diameter. Any diameter smaller, i.e. 
further down the length of the cone, will not support a detonation front. The visual results 
of the three (3) tests conducted during November 2015 are shown in Figure 4.4-6. 
Each conical test had a different density and product formulation which resulted in 
varying remnants of the end of the cones.  
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Results from the conical tests are shown in Table 4.4-2. These results showed that 
through one simple unconfined test critical diameter information was easily obtained. The 
smallest diameter was obtained with the 0.93g/ml formulation, of 3.3mm.  
Although it can be seen that a critical diameter could easily be determined, due to the 
overrun nature of an explosion, a visual indicator such as a metal ruler needs to be 
installed to capture when the detonation front actually stopped (Jaffe 1962). These initial 
conical tests did not adopt this, therefore results achieved are only indicative. 
Finally, due to the changing diameter of the explosive charge a steady state detonation 
velocity is not achieved. Calculating VOD data is therefore not accurate for conical tests.  
 
Table 4.4-2 Results from conical cone tests 
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Figure 4.4-5 Conical testing 
 
 
 
 
 
83 
 
 
Figure 4.4-6 Three conical tests and visual results (directly below) 
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4.5. DETONATION PERFORMANCE  
It is widely acknowledged that the velocity of detonation (VOD) of an explosive is a strong 
indicator of potential performance. If the VOD is recorded slower than what suppliers 
recommend, then it is likely that the explosive is not detonating efficiently. Some common 
factors that may influence VOD and hence performance include presence of water, 
product formulation issues or loss of confinement. 
The resulting VOD of 21 cartridge tests are shown in Table 4.5-1. It is noted that several 
tests did not detonate and that the AlGMB test 15 had an incomplete detonation. All 
January 2014 test data does not have Microtrap VOD data associated with it. From the 
detonation code work completed by Araos (2015) at a density of 0.93 g/ml the ideal 
velocity of detonation is 5500 m/s. As none of the unconfined tests reach this VOD value, 
it highlights that the alternative explosive is behaving non-ideally, particularly at the 
diameters tested for cartridge products. Non-ideal behaviour has also been shown by 
Araos and Onederra (2017).  
Table 4.5-1 Velocity of detonation data 
 
Test # Sensitiser Density Charge Diameter Initiation VOD Microtrap
1 Gas Bubbles, O2 0.83 g/ml 34 mm det only 3600 m/s
2 Gas Bubbles, O2 0.83 g/ml 27 mm det only 3957 m/s
3 Gas Bubbles, O2 0.83 g/ml 20 mm det only 2858 m/s
4 Gas Bubbles, O2 0.49 g/ml 34 mm det only 3040 m/s
5 GMB 1.02 g/ml 34 mm det only Failed
6 Gas Bubbles, O2 0.49 g/ml 27 mm det only 2486 m/s
7 Gas Bubbles, O2 0.49 g/ml 20 mm det only 2473 m/s
8 GMB 0.81 g/ml 34 mm det only 3482 m/s
9 GMB 0.89 g/ml 34 mm det only 3351 m/s
10 GMB 0.89 g/ml 27 mm det only 2971 m/s
11 Gas Bubbles, O2 0.63 g/ml 34 mm det only 3030 m/s
12 Gas Bubbles, O2 0.63 g/ml 27 mm det only 3572 m/s
13 Gas Bubbles, O2 0.63 g/ml 20 mm det only 1949 m/s /
14 Gas Bubbles, O2 0.8 g/ml 25 mm Primer 3092 m/s
15 Aluminium 1.04 g/ml 32 mm Primer Incomplete Detonation
16 Gas Bubbles, O2 0.8 g/ml 25 mm Primer 3011 m/s
17 Gas Bubbles, O2 0.8 g/ml 25 mm det only 3011 m/s /
18 EPS + Gassing 0.7 g/ml 23 mm Primer Failed
19 EPS + Gassing 0.7 g/ml 44 mm Primer 2878 m/s
20 Gas Bubbles, N2 0.95 g/ml 23 mm Primer 2064 m/s
21 Gas Bubbles, N2 0.95 g/ml 44 mm Primer 3187 m/s
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As discussed in Sections 4.2 and 4.3, three tests are failed tests and therefore are 
missing VOD data. Full VOD trace data is shown in Appendix G. Furthermore, test 14 
had an issue with the VOD instrumentation, therefore the VOD listed in Table 4.5-1 was 
calculated from analysis of the high speed video. 
Four separate possible relationships exist for the alternative explosive cartridge products 
and VOD. These are: 
• The effect of density on velocity of detonation 
o Varying product Formulation 
o At different charge diameters 
• The effect of charge diameters on velocity of detonation 
o Varying product formulation  
o At different densities. 
The failed tests were due to product formulation and critical diameter. The VOD trace of 
test 15’s incomplete detonation is shown in Figure 4.5-1 along with explanations behind 
the trace as determined through analysis of the HSV footage.  
 
 
Figure 4.5-1 Incomplete detonation of aluminium product, test 15 
 
When accessing the total data set, as shown in Figure 4.5-2, there is a loose relationship 
between the VOD and the density. As the density increases the VOD of the product 
increases.  
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Figure 4.5-2 Density vs VOD trend 
 
 
Figure 4.5-3 Effect of density on VOD at 0.63 g/ml 
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Separating the test data into equal density buckets highlighted the trend shown in Figure 
4.5-3 which is common for non-ideal detonating explosives. As shown, at a specific 
density there is a definite peak VOD for a set charge diameter. In the above example at 
a density of 0.63 g/ml, this peak occurred at a 27 mm charge diameter. The full density 
spectrum of graphs are shown in Appendix H. Both 0.63 g/ml and 0.83 g/ml exhibit this 
trend. 0.49 g/ml Figure 4.5-4 begins to follow this trend, however a lack of further test 
data fails to highlight this further. This trend has similarly been observed by Conrad 
(1969) in AN based water gels sensitised with nitric acid Figure 4.5-5. The VOD peaks 
around a density of 1.25 g/ml. It is from these tests that explosive manufacturers set the 
operating in-hole density range for their products. 
 
 
 
Figure 4.5-4 Effect of density on VOD at 0.49 g/ml 
 
 
One interesting point observed at the 0.49 g/ml density is the equal VOD result for both 
20 mm and 27 mm charge diameters. It is hypothesised that the VOD is not as affected 
by diameter when tapering towards the critical diameter. Whilst this is speculation and is 
outside the scope of this thesis it is worth mentioning for future research investigations. 
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Figure 4.5-5 Effect of density on VOD for AN based water gels (Conrad 1969) 
 
Further to this are the 0.8 g/ml results which produced equal VOD for two identical tests 
with different initiations. Test 16 was initiated with a primer, whilst test 17 was initiated 
with a detonator only, however both test returned the same VOD. As the diameter is a 
small 25 mm, the above theory for the VOD not being effected as the diameter 
approached critical could help explain this finding. An initiated primer delivers more 
energy than a detonator only, therefore it would be expected that a higher VOD is 
observed due to the energy from the primer run up. As this is not the case for the 0.8 g/ml 
dataset, the VOD/critical diameter hypothesis may be true, however further work is 
required to verify this. Full scale conical testing is required to accurately determine the 
critical diameter for varying densities to test this theory. The current stated critical 
diameters are only such as it was impractical to test diameters less than 20 mm 
cylindrical. Conical testing would rectify this problem.  
As with density, a similar relationship with VOD is exhibited by variance in charge 
diameters. Whereby the VOD of a set diameter peaks with varied density. This trend, 
shown in Figure 5.5-6, applied to test samples at both 27 mm and 34 mm diameters 
(Appendix I).  
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Figure 4.5-6 Effect of diameter on VOD at 27 mm 
 
Again, following the same effects on VOD trends as density at the smallest recorded 
charge diameter, 20 mm, the trend is lost. All three data points in Figure 4.5-6 were 
initiated with the detonator only and sensitised with hydrogen peroxide composite, 
however VOD variances are observed. These observations are also in direct 
disagreement with Figure 4.5-2, which show the inverse density/VOD relationship. As 
the density increases for small cartridge diameters, the VOD decreases. The above 
would suggest that varying density towards the critical diameter affects the VOD. At this 
stage it is possible that only conical tests will be able to prove or disprove this finding. 
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Figure 4.5-7 Effect of diameter on VOD at 20 mm 
 
The full diameter/VOD dataset is shown in Figure 4.5-8. As expected, there is a direct 
relationship between the charge diameter and the VOD. As the charge diameter 
increase, so does the VOD.  
 
Figure 4.5-8 Charge diameter effect on VOD 
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4.6. GAS EXPANSION ANALYSIS 
The high speed camera video with the aid of a software called Tracker was used to 
analyse the different projectile paths of detonation tests, and the gas expansion (Brown 
2015). 
Araos and Onederra (2016) conducted preliminary analysis of the reaction zone and gas 
expansion of the HP alternative explosive product. The reaction zones and gas 
expansion test examples are shown in Figure 4.6-1. Results from this work concluded 
reaction zone widths between 30-70 mm, with expansion gas angles ranging from 95-
105 degrees.  
 
 
 
 
 
 
Figure 4.6-1 Reaction zone and gas expansion diagram of HP product (Araos and Onederra 2016) 
 
 
Building upon previous analysis, smaller diameter test from this thesis were also 
analysed. Using test 10 as an example to represent Tracker and inputting the high speed 
video into the software. A single point in every frame was able to be tracked throughout 
the detonation of the charge column as shown in Figure 4.6-2. This can be used to 
analyse the velocity of the detonation front, and the gas expansion in a horizontal 
direction. Figure 4.6-2 shows the tracking information for ‘Mass A’ and ‘Mass B’. Mass A 
is tracking the detonation front as it progresses down through the explosive column, 
whilst Mass B is tracking the expansion of gases from the detonation initiation point.  
Validation of the tracker results is done by comparing the software results from tracker 
to the measured infield results from the Microtrap. Once the tracker model is validated, 
the gas expansion rate of the test can be assessed. If the tracker VOD result and the 
measured infield result are not similar, than the gas expansion rate data will not be 
realistic. 
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Figure 4.6-2 Tracker analysis of test 10 
From the above several graphs can be produced as the distance and time is known for 
each point tracked. For both the detonation front (Mass A) and the gas expansion (Mass 
B) the following charts are produced: 
• Time/Displacement graph for the detonation front; and 
• Time/Velocity graph showing the velocity magnitude. 
These results are shown in Appendix K. After the initial detonation from the detonator, 
the velocity magnitude decreases, and then increases again before slowing down again. 
This slowing down of the VOD is the explosive column commencing detonation and then 
achieving steady state velocity. 
From the MREL Microtrap VOD data, the VOD is 2970 m/s. The tracker data states 
3010 m/s, which is within 1% of the measured VOD. Therefore the assessment of the 
gas expansion from test 10 will be accurate. Table 4.6-1 details full gas expansion and 
detonation front results for the unconfined test data set. 
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Table 4.6-1 Tracker results: Gas expansion and detonation front width 
 
 
 
Figure 4.6-3 Tracker results for detonation front vs gas expansion 
 
From the above charts, it can be seen that the gas expansion mirrors the same trend 
commonly throughout the field tests. A smaller charge diameter and/or a reduced density 
gives lower comparable results, in this case the velocity of the gas expansion. 
Test # Date Oxidiser Sensitiser Density Diameter Expanding gases VOD
Mean det front 
width
1 17 Nov 15 44% Gas Bubbles, O2 0.83 g/ml 34 mm 949 37
2 17 Nov 15 44% Gas Bubbles, O2 0.83 g/ml 27 mm 1111 52
3 17 Nov 15 44% Gas Bubbles, O2 0.83 g/ml 20 mm 682 30
4 17 Nov 15 44% Gas Bubbles, O2 0.49 g/ml 34 mm 722 26
6 17 Nov 15 44% Gas Bubbles, O2 0.49 g/ml 27 mm 709 24
7 17 Nov 15 44% Gas Bubbles, O2 0.49 g/ml 20 mm 479 23
8 17 Nov 15 44% GMB 0.81 g/ml 34 mm 1111 25
9 17 Nov 15 44% GMB 0.89 g/ml 34 mm 1178 28
10 17 Nov 15 44% GMB 0.89 g/ml 27 mm 840 30
11 17 Nov 15 44% Gas Bubbles, O2 0.63 g/ml 34 mm 96 23
12 17 Nov 15 44% Gas Bubbles, O2 0.63 g/ml 27 mm 1016 23
13 17 Nov 15 44% Gas Bubbles, O2 0.63 g/ml 20 mm 121 22
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The faster a gas expansion, the more readily energy can be delivered to the surrounding 
rock (Rock, Maurer, et al. 2005). This is particularly important for low density products, 
which the majority of the alternative explosive cartridge test samples were. 
The composition of these gas expansions has only being theoretically determined. Full 
gas composition and quality field testing is outside the scope of this thesis. 
For the HP alternative explosive cartridge product the amount of gas produced per 
kilogram of explosives, known as yield factor, can be theoretically determined through 
detonation codes. For the alternative explosive products this was conducted by Araos 
and Onederra (2015) as part of the initial research work into alternative explosive 
formulations. Only the 0.93 g/ml density alternative explosive product has been used as 
this is the closest representation to the products tested through the unconfined surface 
test program. It must also be noted that this explosive formulation is an oxygen negative 
reaction. The detonation state concentrations and yield factors are shown in Table 4.6-2.  
 
Table 4.6-2 Yield factors for HP 
 
 
 
Detonation  State  
Concentrations Molecular mass Yield Factor 
CO 0.45 mol/kgE 28.01 g/mol 0.013 kg/kgE
CO2 5.17 mol/kgE 44.01 g/mol 0.227 kg/kgE
H2O 42.12 mol/kgE 18.02 g/mol 0.759 kg/kgE
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4.7. CONCLUSIONS 
In total, twenty six (26) unconfined surface tests were completed that contributed towards 
the alternative explosive cartridge product. Five (5) base alternative explosive product 
formulations were proposed for testing as cartridge products. These were: 
• Low concentration hydrogen peroxide 50% w/w sensitised with: 
o Gas, either nitrogen or hydrogen peroxide decomposition (HP50gas) 
o Gas and expanded polystyrene balls (HP50EPS) 
• Low concentration hydrogen peroxide 44% w/w sensitised with: 
o Gas, either nitrogen or hydrogen peroxide decomposition (HP44gas) 
o Gas and expanded polystyrene balls (HP44EPS) 
• Low concentration hydrogen peroxide 44% w/w sensitised with  
o Aluminium additive and glass micro balloons (AlGMB) 
From the twenty six test samples, seven failed to complete full detonation of the charge 
column. The fail/pass tests of all products determined the product formulation, resulting in 
19 detonable tests with seven (7) different detonable product formulations. These 
formulations varied based on density and sensitivity components used. The product 
formulation which included aluminium as an additive to increase the velocity of detonation 
failed, however no further investigations into this formulation was completed. Further test 
work is required. 
Cartridge products are required to be detonator sensitive. Therefore the product has to be 
sensitive enough to be initiated with a detonator; as opposed to bulk explosives which 
require the energy from the detonation reaction of a primer/booster to initiate the explosive 
column. From the detonator only tests, only one test failed, resulting in four (4) product 
formulas at densities ranging from 0.5 g/ml – 0.9 g/ml being detonator sensitive. 
Due to the nature of underground drill and blast operations, and the requirement for small 
diameter drill holes, compared to the large hole diameters seen open pit, the explosive 
product has diameter limitations. This is compounded in weak incompetent / blocky ground 
that can result in final hole diameters smaller than drilled due to hole collapse. To ensure an 
effective detonation front, the minimal diameter that can support a detonation front needs to 
be determined. For alternative explosive cartridge products, this resulted in critical diameters 
ranging from 20 mm to 25 mm for product sensitised with gas to 0.49 g/ml to 0.9 g/ml. 
Indicative trends showed that as the density of the product decreased so did the critical 
diameter. The test methods employed in this field experiment was time consuming and didn’t 
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allow for full exploration of results. Further testing using conical samples is required to 
accurately pinpoint the critical diameter for each product formulation. 
Non-ideal detonation behaviour was exhibited by all alternative cartridge product tests, 
through the analysis of VOD data. The VOD is influenced by the density and diameter of the 
product. It was further observed that peak VOD’s for set diameters or set densities could 
also be achieved, which mirrors historical results of ammonium nitrate commercially 
available explosives. 
Finally, analysis of the high speed video of all test samples showed that a relationship 
between the detonation front width and the gas expansion existed. Therefore the wider the 
detonation reaction zone the quicker the gas expansion velocity. The composition of these 
gases were theoretically calculated for use in further ventilation simulation studies. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CHAPTER 5 – Preliminary evaluation of alternative cartridge products through advanced Ventilation Modelling 
 
Preliminary evaluation of alternative 
explosive cartridge products through 
advanced Ventilation Modelling  
 
This chapter describes the details of a desktop ventilation simulation 
analysis comparing both conventional ammonium nitrate emulsion (ANE) 
based products and newly developed peroxide based alternative 
explosives. The analysis focuses on carbon monoxide concentrations and 
potential impact on re-entry times.  Details of model configurations, required 
input parameters and results are presented and discussed. A comparison 
between products is used to look at the potential value of the alternative 
NOx free explosive products and how further blast design optimisation can 
improve outcomes and lead to future full scale trials.  
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5.1. INTRODUCTION 
With the completion of the experimental program demonstrating the performance of 
peroxide based  alternative explosive cartridge products; analysis was required that 
focused on the potential impact of the application of this new explosive  on re-entry times 
and therefore its potential in  rapid development practices. This analysis was conducted 
with a ventilation simulation package available to the author designated as VentSim. 
VentSim was originally developed and distributed to the mining industry in 1994 as the 
first ventilation modelling package available (Chasm Consulting 2016). VentSim uses a 
method called discrete cell transport. This method creates portions within individual 
airways, with each portion or cell allocated specific information relating to the gas 
concentrations at that single point in time. This chapter includes a complete description 
of the adopted model configurations and input parameters focussing on CO 
concentrations comparing both ammonium nitrate emulsions and NOx free hydrogen 
peroxide (HP) based alternative explosives. 
 
 VENTILATION MODELLING 
For every underground mine, there are ventilation standards put in place to enable a safe 
working environment. These standards include occupational exposure limits to 
hazardous gases found within the underground environment, as well as the requirement 
for minimal fresh air flow at working areas (Western Australian Government 2010). In an 
active working mine, all of these standards can be assessed through routine ventilation 
checks. However, planning the ventilation network prior to the commencement of mining 
ensures that an adequate ventilation network is established to enable life of mine 
achievement without any ventilation bottlenecks. To do this, the ventilation network is 
modelled using simulation software that combines mathematical algorithms to model the 
fresh air and exhaust air, as well as simulations for blasts, underground fires or gas 
leakage events (Sasmito, Hung, et al. 2012).  
Figure 5.1-1 shows an example of an underground development network with ventilation 
simulation showing air flow differences in colours. This image is from the industry leading 
ventilation software provider, VentSim (Chasm Consulting 2016). 
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Figure 5.1-1 Ventilation modelling of underground development (Chasm Consulting 2016) 
 
 BRIEF DESCRIPTION OF VENTSIM 
VentSim was originally developed and distributed to the mining industry in 1994 as the 
first ventilation modelling package available. Since it’s conception, numerous advanced 
modelling techniques and simulations have been added, leading to the release of the 3D 
enabled VentSim Visual in 2009 (Chasm Consulting 2017). 
One of the biggest hazards to workers underground are the gaseous contaminants, 
particularly toxic gases such as carbon monoxide. To maintain best working practices 
modelling of contaminants and how they move throughout the ventilation network in an 
underground operations is required. To do this, VentSim uses a method called discrete 
cell transport. This method creates portions within individual airways, with each portion 
or cell allocated specific information relating to the gas concentrations at that single point 
in time. For blast fume simulations, the theoretical method for calculating fume clearance 
times known as the throwback method is applied to every cell. With fresh air movement 
through each cell, the fume concentrations in each cell gradually diminishes (Stewart 
2014). A schematic of the basic principles for discrete cell method is shown in Figure 
5.1-2. 
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Figure 5.1-2 Discrete cell method used by VentSim Visual (Stewart 2014) 
 
To be able to accurately model a blast fume scenario, the following is required: 
• An accurate mine plan design; 
• Known drive and raise dimensions; 
• Ventilation fan requirements, both primary and secondary; 
• Ventilation ducting size; 
• Explosive characteristics; and 
• Total explosives fired per face. 
As with every model, VentSim requires both a calibration and validation stage. The 
routine ventilation adits conducted by ventilation officers underground are required to be 
fed back into the model, to ensure that future ventilation system development is sufficient. 
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5.2. MODEL CONFIGURATION PARAMETERS 
 VENTILATION MODELS 
In this work, three different ventilation models were tested (see Figure 5.2-1) in order to 
evaluate the impact on re-entry times due to contaminant dispersion rates at a single 
heading (at varied distances from the return air raise (RAR)); as well as the impact of 
multiple headings on a ventilation system. The three models were: 
• Single heading decline, face 212.3 m from return air raise (RAR); 
• Single heading decline, face 514 m from RAR; and 
• Multiple heading operation, modelling four development headings. 
These models are based on a working underground mine in southern Africa, with known 
re-entry times for multiple stages throughout the current mine life; There were initially 
used to calibrate the model.  
The calibration process involves a sensitivity analysis to ensure that the air quantity at 
the face is in line with Australian ventilation standards; and that the dispersion factors 
used at each heading location enables a similar re-entry time expected in the working 
mine. Finally, the yield factor and total explosive mass (kilograms per face firing) are 
altered to test that the model responds accordingly. 
Once the sensitivity analysis is completed and producing results that mirror actual results 
recorded infield, the standard underground AN emulsion and the alternative HP cartridge 
product are compared. The modelling stages consisted of a comparison where the mass 
of explosives per face was equal (only the CO gas yield factor would change for both 
products); and where an optimised drill and blast design, using alternative explosive 
products could be implemented. In this case a comparison between different mass 
concentrations and distribution of explosives per face is conducted.   
All models assume that every face fired within each development is the same set design. 
As such, the re-entry times from the working mine will be averaged for the scenario, that 
is, for the single heading decline with a face 212.3m from the RAR, the real world 
comparable re-entry time is determined from an average of re-entry times when the face 
distance is such that the auxiliary fan is run on stage 1. Applying the same logic, the 
single heading with a 514m face location is comparable to average re-entry times for all 
decline face locations required to run auxiliary fan on second stage. 
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Another important assumption in this analysis is that the ventilation ducting is sufficient, 
well connected and not damaged, resulting in excessive air leaks. In a real mining 
environment, this may not always be the case, with rips and tears in the ventilation ducts 
from trucks, loaders and fly rock. However, best practise mining would see these holes 
repaired as soon as they are encountered. This assumption of best practice is valid to 
conduct relative comparisons. 
The key components for all three models in Figure 5.2-1 are shown in Appendix L, 
Appendix M and Appendix N. 
 
 
Figure 5.2-1 Single heading model (above) and multi-heading model (below) 
 
 BASE INPUT PARAMETERS 
Within VentSim, a blast is simulated by placing a contaminant in the airways. As 
development blasting is being assessed, these contaminants are placed at the end of 
drives. The input dialog can then be setup for the contaminant to simulate blast fume. 
Re-entry time is governed by the concentration of carbon monoxide (CO) in the working 
area. Even though carbon dioxide (CO2) is a heavier gas, and the last gas to leave an 
active heading, CO is a highly toxic fume and the one the poses the biggest hazard. 
Carbon monoxide binds to the haemoglobin in the blood preventing the transportation of 
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oxygen, which is detrimental to human health even at small concentrations (NIOSH 
1982). In order to prevent this event from occurring, exposure limits to gases are set. 
The occupational exposure limit (OEL) is the maximum contaminant concentration a 
worker can be exposed to within an 8 hr continuous period over a 40 hour work week. 
The OEL for CO is set at 30 ppm, which is a level that no adverse health issues will arise 
if a worker is exposed. Re-entry time is governed by a 30 ppm trigger because if the area 
is less than 30 ppm CO, then it is impossible for an employee to be exposed to CO 
30 ppm for 8 hours. Providing the gas monitor is calibrated correctly, the trigger 
eliminates the hazard. 
Consequently, the contaminant to be modelled within VentSim is carbon monoxide. It is 
however important to recognise that NOx fumes are also extremely hazardous and 
should also be considered in a ventilation analysis. The advantage of the peroxide based 
technology is the NOx are eliminated and therefore the main component that needs to 
be studied is the potential impact of CO concentrations as the key contaminant. The 
contaminant model parameters require the following: 
• Contaminant unit; 
• Contaminant density; and 
• Yield factor. 
The contaminant unit is CO in ppm. This should be set within the model to ensure 
consistency of results and data interpretation. The density of CO is assumed to be 
1.16 g/ml (Sciencing 2016). The yield factor is the kilograms of CO produced per 
kilogram of explosives, CO kg/kgexp. The yield factor changes for every explosive based 
on the formulation, i.e. an oxygen negative reaction will have a higher CO yield factor 
than an oxygen positive reaction.  
After the contaminant parameters have been defined, each individual blast must be 
established. The input parameters required for each individually placed contaminant from 
a blasted heading are explosive kilograms detonated and dispersion factor. 
For CO generation, Stewart (2014) suggests that at the point of blasting, CO 
concentrations are 2,000 ppm. However, when the explosives dialog is selected in the 
contaminant user form, the contaminant concentration injected into the airway is 
determined by the kilograms of explosives, the CO yield factor and the dispersion factor. 
This then overrides the default contaminate concentration limit set within VentSim of 
2,000ppm (Chasm Consulting 2017).  
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The total kilograms of explosives used per face is a function of the blast design. For a 
4.1 m development round, the design is outlined in Table 6.2-1 with detailed schematic 
shown in Figure 6.2-2. This design is currently being used in the active underground 
mine. Within this design, smooth wall blasting practices are adopted with a lower density 
emulsion used in the perimeter (i.e. from 1.15 g/ml down to 0.7-0.8 g/ml).  
 
Table 5.2-1 Face parameters used for the development D&B design 
 
 
Emulsion
Decline drive size 5m x 6m
Total charged holes 71
Fully coupled holes 46
Decoupled holes 25
Hole diameter, mm 45
Round length, m 4.1
Collar length, m 0.4
Charge length, m 3.7
Charge volume, m3 0.006
Total charge volume, m3 0.369
Explosive density, kg/m3 1150
Total Kilograms Explosives 424
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Figure 5.2-2 Decline face drill design 
 
Dispersion factor, within VentSim, is the rate at which the contaminant can initially be 
removed, and depends on the efficiency of the ventilation system. As an example, at an 
active working heading which is forced fan fed to provide fresh air, the dispersion of the 
contaminant gas is slow to very slow as the air circulating from the end of a ventilation 
bag to the face does not efficiently exhaust all areas of the drive. The distance the face 
is from an RAR determines the vent ducting length and overall air flow quantity at the 
face, which can change the dispersion factor from slow to very slow. A free flowing drive, 
such as a decline or breakthrough cut, has free flowing fresh air. The fresh air pushes 
the contaminant away immediately as it is generated, resulting in a fast dispersion factor. 
Following model calibrations, the dispersion factors for the three models were 
determined and are summarised in Table 5.2-2. 
Along with dispersion factors, the secondary ventilation fans have to be set far enough 
away from the return air raises (RAR) and on the correct staging to prevent recirculation.  
Figure 5.2-3 shows the fume recirculation created from the fan being too powerful and 
too close to the RAR. The resultant chart is the CO concentration at the RAR, with the 
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repeated peaks as the fan pushes blast fume back down into the heading. In this case, 
30% more time is required to clear the heading of blast fume to reach safe re-entry limits.  
 
 
Figure 5.2-3 Single heading decline: 514m showing fan recirculation and resultant chart 
 
The fan parameters in Table 5.2-2 were set for all scenarios to enable 7-8.5 m3/s air quantity at 
the faces. These air quantities match the required ventilation face flow of 3.5 m3/s (Western 
Australian Government 2010) and those used at the current mine in South Africa used as the 
basis of this study. 
Table 5.2-2 Base input parameters for air flow 
 
 
Air Flow inputs
Contamination Concentration 2000 ppm
Dispersion Factor
Single Heading Decline: 212.3m Slow
Single Heading Decline: 514m Very Slow
Multi heading, twin RAR Slow
Fan Parameters, rpm
Single Heading Decline: 212.3m 20%
Single Heading Decline: 514m 40%
Multi heading, twin RAR 100%
 
Fan recirculation 
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Full schematics of the ventilation models are shown in Appendix L, Appendix M and 
Appendix N respectively. A close up of the face location of the single heading decline 
positioned 514m from the RAR is shown in Figure 5.2-4 with Figure 5.2-5 detailing the 
features which are common to all models.  
 
 
Figure 5.2-4 Single heading decline: 514m face advance from RAR 
 
 
Figure 5.2-5 Single heading decline setup 
 
 AMMONIUM NITRATE EMULSION AND PEROXIDE BASED ALTERNATIVE EXPLOSIVES 
PARAMETERS 
By default, VentSim is setup to monitor the carbon monoxide output from emulsion. As 
such, default settings are a gas density of 1.16 kg/m3 with a yield factor of 0.015 kg/kgexp 
(Chasm Consulting 2017). These defaults were set following work completed by Stewart 
(2014) with inputs from Orica. Within this work, Orica stipulated that their emulsion has 
 
  
Decline Face 
Auxiliary Fan 
RAR 
1.2m Vent Duct 
Decline passing 
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a CO yield factor of 0.015 kg/kgexp. The product that Orica (1999) is referencing is ANFO. 
Emulsion has a different formulation than ANFO, particularly across explosive 
manufacturers, with oxygen negative and oxygen positive reactions producing different 
CO yield factors. Furthermore, ANFO is a lighter product than standard emulsions, 0.8-
0.95 g/ml compared to 1.15 g/ml. In a comparable design, there will be more kilograms 
of emulsion used than ANFO which affects the total kilograms of CO produced. A review 
of explosive supplier’s technical datasheets and product offerings also showed that there 
are open pit emulsions and underground emulsions, both with varying characteristics. 
Therefore, for the purposes of accurate ventilation modelling, the yield ratio needs to be 
altered for the comparison AN emulsions and alternative HP cartridge products.  
The AN emulsion product used at the working mine is the underground emulsion 
developed by African Explosives Limited (AEL). Conveniently, AEL developed and use 
the Vixen detonation code algorithm, which was also available for determining the 
detonation parameters of the alternative explosive products. The Vixen code outputs 
include the Detonation State Concentrations of CO produced (mole/kg) from which the 
yield ratio can be determined. Different explosive suppliers have access to different 
detonation codes, with varied cut-off pressures and ANFO types, making accurate 
comparison of products very difficult (Torrance and Scott 2015). However, comparing 
two products with outputs from the same detonation codes and cut-off pressures is 
possible. As a result, AEL UG100 compared to the HP alternative explosive product was 
deemed accurate as both used the Vixen code for determining gas concentrations. 
Table 5.2-3 details the CO yield factor for UG100 as determined via Vixen detonation 
coding.  
 
Table 5.2-3 CO Yield Factor for AN emulsion and HP alternative cartridge products 
 
 Source: (Araos 2017, Tose 2017) 
Explosive manufacturers make their emulsions oxygen negative to reduce the likelihood 
of the development of nitrous oxides, but this is at the detriment of the production of more 
Detonation  State  
Concentrations Molecular mass Yield Factor 
COUG100 2.25 %gas/kgE 22.5 Lgas 0.026 kg/kgE
COHP 0.45 mol/kgE 28.01 g/mol 0.013 kg/kgE
CO2 HP 5.17 mol/kgE 44.01 g/mol 0.227 kg/kgE
H2OHP 42.12 mol/kgE 18.02 g/mol 0.759 kg/kgE
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CO (Henley 2010). So the increase in CO yield factor for emulsion compared to ANFO 
is expected. 
The unconfined surface tests in Chapter 4 detailed the gas expansion of the alternative 
explosive cartridge products as well as the determination of gas concentrations from 
detonation code work which are outlined in Table 5.2-3. 
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5.3. MODELLING RESULTS 
 SENSITIVITY ANALYSIS 
A sensitivity analysis was required to test that the inputs produced realistic data based 
on in situ measurements. This was completed using the single heading 212.3m face 
location, as this was the most simplistic model of the three proposed. The sensitivity 
analysis compared the default settings of VentSim, with a 0.015 kg/kgexp CO yield factor 
for ANFO, with the UG100 yield factor. As UG100 produces almost double the CO kg/ 
kgexp as ANFO and is denser, it would be expected that the ventilation simulation would 
result in UG100 having a higher maximum CO concentration and longer clearance time 
than ANFO. Surprisingly, this was not the case, as shown in Table 5.3-1. Although 
UG100 had a higher maximum CO concentration than ANFO, the clearance time was 
actually less for all headings tested. When this information was presented to the VentSim 
developers, they confirmed that the algorithms were not correct. The VentSim blast 
algorithm should ensure any gases produced are volumetrically balanced, regardless of 
the factor.  It was originally developed and calibrated to actual results with the 
0.015 kg/kgexp standard factor and should maintain a similar clearance rate regardless 
of yield factors used. However the VentSim developers noted that within the current 
VentSim version the clearance rate artificially increased as yield rate increased (Stewart 
2017). This is the opposite of what occurs in the field. To counteract this result, Stewart 
(2017) proposed factoring the CO concentration limits to be proportional to the yield rate, 
that is, instead of changing the yield rate (for example doubling it) it would be left at 
0.015 kg/kgexp for all explosive types. Instead the CO concentration limits would be 
changed to establish the correct clearance time. The concentration levels shown in Table 
5.3-2 were then entered into the contaminants user form per face blast. Unfortunately, 
this also produced unexpected results, with all three product testing returning the exact 
same clearance and maximum CO concentrations (Table 5.3-3) 
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Table 5.3-1 Sensitivity analysis results 
 
 
Table 5.3-2 Revised CO concentration limits 
 
 
Table 5.3-3 Revised sensitivity analysis results 
 
 
VentSim developers had to rectify and test the problem with the current blast algorithm 
and provided the author with an unreleased VentSim Visual 4 Beta version. The Beta 
release of VentSim Visual 4 included the patch to fix the blast algorithm.  
Re-running the sensitivity analysis in the Beta release, produced results in line with real 
world re-entry expectations, as shown in Table 5.3-4. ANFO with 0.015kg CO produced 
per kilogram of explosive, had a quicker re-entry time than UG100 which produces 173% 
more CO than ANFO. 
 
 
 
 
 
 
Yield factor
Clearance Time, 
mins
Max. CO, 
ppm
0.015 Heading 1 35 1650
Heading 2 77 979
Heading 3 35 1784
0.026 Heading 1 32 3653
Heading 2 74 1992
Heading 3 31 4048
Yield factor 
kg/kg exp % Δ
Conc. Level 
ppm
Orica Emulsion 0.015 2,000
Alternative emulsion 0.026 173% 3467
HP 0.93g/ml 0.013 87% 1733
Clearance time Max. CO
Heading 1 47 mins 1582 ppm
Heading 2 35 mins 1650 ppm
Heading 3 27 mins 1789 ppm
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Table 5.3-4 Revised sensitivity analysis results 4BETA 
 
 
 COMPARISON OF AN AND HP VENTILATION SIMULATION 
Following the sensitivity analysis and the rectification of the algorithm, three scenarios 
were simulated to compare AN emulsion and HP alternative cartridge product re-entry 
times. In this case the monitoring of the contaminant carbon monoxide was conducted 
at: 
• Each face location; 
• The RAR immediately above the fired heading; and 
• The surface exhaust fans. 
Regardless of the type of explosive used, several trends were seen throughout all models 
and monitoring points that were explicitly a function of the underground design. The only 
difference between behaviours for AN and HP explosives was the overall clearance times 
and maximum CO concentration. 
 
 
Single heading scenario 
 
Due to the nature of a single heading, re-entry is not possible until the air flow directly in 
front of the RAR is CO 30 ppm or less. When the decline face is at the maximum distance 
from the RAR at 514 m, total clearance time is 1 hr and 21 minutes when using an AN 
emulsion. Even though the actual face was clear at 38 minutes, the area is not open for 
work as personnel would have to travel through 30+ ppm to get to the active work 
heading. This is demonstrated in Figures 5.3-1 to 5.3-3. The area must be coloured navy 
blue for the CO concentration to be below 30 ppm. 
Re-entry Max. CO Re-entry Max. CO
Heading 1 47 mins 1582 ppm 51 mins 2742 ppm
Heading 2 35 mins 1650 ppm 38 mins 2860 ppm
Heading 3 27 mins 1789 ppm 31 mins 3101 ppm
Std Setup, 0.015kg/kge UG100, 0.026kg/kge
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Figure 5.3-1 Single heading decline 514m simulation showing gas concentrations 
 
Figure 5.3-2 Single heading decline514m RAR clearing fume 
 
Figure 5.3-3 Single heading decline 514m total clearance 
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Continuing the assessment of the 514 m decline face, a twin CO concentration peak is 
seen in the overall graph (Figure 5.3-4). This is due to the designed truck passing bay. 
As the passing bay is through an adit, air flow and therefore blast fume movement is 
capable of occurring as the access is not considered dead headed. A drive is dead 
headed if the total distance is less than the square of the drive width. Anything greater 
than this has the potential for collecting contaminants due to the air flow disruption on 
the pillars. For the truck passing bay, the induced flow rate is small, 3.2 m3/s, so the fume 
takes longer to get to the RAR access going via the passing bay than directly up the 
decline with a flow rate of 7 m3/s, this results in twin peaks at the RAR. The first peak is 
all the fume that travelled directly up the decline and the second peak is the fume that 
exhausted via the truck passing bay. 
 
 
Figure 5.3-4 Single heading decline 514m RAR concentration/time graph 
 
 
Multi-heading scenario 
 
In the multi-heading scenario, the mine is sufficiently developed and as such has a twin 
exhaust. Figure 5.3-5 shows this fume migration scenario up and out of the twin 
exhausts. As such, the concentration/time graph for AN emulsion, shown in Figure 5.3-6, 
only reaches a maximum peak of 147 ppm CO and a safe re-entry time of 34 mins. The 
cross-sectional area of each exhaust is 22.1 m2, giving a total 44.2 m2 exhaust area. As 
the total CO concentration for the four headings is spread across the two exhausts and 
the fume reaches the exhausts at different times, the CO concentration remains relatively 
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low. The concentration/time graph experiences multiple peaks due to the multiple 
headings at different levels within the mine and the fume having to travel different 
distances to reach the exhaust monitoring station. 
 
 
Figure 5.3-5 Multi heading simulation showing gas concentrations 
 
 
Figure 5.3-6 Multi heading decline, exhaust 1 CO concentration/time graph 
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The last trend observed is at the decline RAR monitoring station. The concentration/time 
graph for the decline RAR which is monitoring the CO concentrations from Heading 1 
and heading 2 is shown in Figure 5.3-7. Twin peaks can again be seen, as heading 1 
fume reaches the RAR monitoring station first, followed closely by heading 2 fume. 
 
 
Figure 5.3-7 Heading 1 + 2 RAR CO concentration/time graph 
 
The re-entry time and maximum CO results from the simulation and assessment of the 
AN emulsion underground product is shown in Table 5.3-5. All corresponding 
contaminant concentration simulation graphs are shown in Appendix O. 
For this thesis, clearance time is defined as the total minutes taken for the CO 
concentration to reach 30 ppm following blast initiation. The maximum CO defines the 
maximum CO concentration witnessed at the specified monitoring point. The re-entry 
results for the HP alternative explosive products are shown in Table 5.3-6 with all 
corresponding graphs shown in Appendix P. 
It is evident from the results summarised in both tables that there is a time saving through 
the use of HP alternative explosive cartridge products. The total value add including the 
reduction in CO concentration is shown in Table 5.3-7. Interestingly, there is a greater 
value potential for multi fired heading operations. It is hypothesised that this is because 
of the complex ventilation system and the extended distance that air needs to flow, 
thereby reducing the clearance effectiveness of the higher CO produced by the  AN 
emulsion. 
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Table 5.3-5 Emulsion re-entry times 
 
 
Table 5.3-6 HP re-entry times 
 
 
 
Single Heading Decline 212.3m Max. CO
Exhaust 51 mins 2742 ppm
RAR 38 mins 2860 ppm
Decline face 31 mins 3101 ppm
Single Heading Decline 514m Max. CO
Exhaust 93 mins 1325 ppm
RAR 81 mins 1697 ppm
Decline face 38 mins 3092 ppm
Multi Heading Max. CO
Exhaust 1 34 mins 146 ppm
Exhaust2 34 mins 147 ppm
Heading1 30 mins 3076 ppm
Heading2 37 mins 3094 ppm
Decline/RAR 40 mins 2604 ppm
Heading3 38 mins 3003 ppm
HD3 RAR 49 mins 2950 ppm
Heading4 34 mins 2902 ppm
HD4 RAR 38 mins 2902 ppm
Single Heading Decline 212.3m Max. CO
Exhaust 46 mins 1371 ppm
RAR 33 mins 1430 ppm
Decline face 26 mins 1551 ppm
Single Heading Decline 514m Max. CO
Exhaust 88 mins 663 ppm
RAR 76 mins 848 ppm
Decline face 32 mins 1546 ppm
Multi Heading Max. CO
Exhaust 1 28 mins 73 ppm
Exhaust2 28 mins 74 ppm
Heading1 26 mins 1538 ppm
Heading2 31 mins 1547 ppm
Decline/RAR 34 mins 1302 ppm
Heading3 32 mins 1501 ppm
HD3 RAR 43 mins 1474 ppm
Heading4 29 mins 1451 ppm
HD4 RAR 33 mins 1451 ppm
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Table 5.3-7 HP advantages to AN 
 
 
For re-entry to active headings, the most important monitoring points are at the 
RAR/Heading access intersections. As shown in the following charts (Figures 5.3-8 to 
5.3-10), the maximum CO concentration and subsequent time to reach 30 ppm is lower 
for all scenarios when using the HP alternative explosives product. These results are 
from the use of equal kilograms of AN emulsion product and HP alternative product. 
However, both these products have different densities therefore there is an opportunity 
to optimise the design to enable maximum value from a blast. 
 
Figure 5.3-8 SHD212 RAR HP vs AN time/concentration graph 
SHD 212.3m Diff. T T Reduction Diff. CO Conc Reduction
Exhaust 5 mins 9% 1371 ppm 50%
RAR 5 mins 13% 1430 ppm 50%
Decline face 4 mins 14% 1550 ppm 50%
SHD 514m Diff. T T Reduction Diff. CO Conc Reduction
Exhaust 6 mins 6% 662 ppm 50%
RAR 6 mins 7% 849 ppm 50%
Decline face 6 mins 15% 1546 ppm 50%
Multi Heading Diff. T T Reduction Diff. CO Conc Reduction
Exhaust 1 6 mins 18% 73 ppm 50%
Exhaust2 6 mins 18% 73 ppm 50%
Heading1 4 mins 14% 1538 ppm 50%
Heading2 6 mins 16% 1547 ppm 50%
Decline/RAR 5 mins 13% 1302 ppm 50%
Heading3 6 mins 15% 1502 ppm 50%
HD3 RAR 6 mins 11% 1476 ppm 50%
Heading4 6 mins 17% 1451 ppm 50%
HD4 RAR 5 mins 14% 1451 ppm 50%
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Figure 5.3-9 SHD514 RAR HP vs AN time/concentration graph 
 
 
Figure 5.3-10 Multi Decline RAR HP vs AN time/concentration graph 
 
 EVALUATION OF BLAST DESIGN OPTIMISATION USING PEROXIDE BASED ALTERNATIVE EXPLOSIVES  
Different explosives have different density and energy profiles, as such the possibility 
exists to optimise drill and blast designs for varying explosive characteristics. The first 
step for blast optimisation is to define a target and then match a theoretical drill and blast 
design. This design can then be trialled, measured, analysed and then improved further. 
For the purpose of this analysis, the drill and blast design will be optimised by using 
fragmentation as the main criteria. Given the geometry of a development blast, the simple 
empirical model proposed by Cunningham (1983) will be used as the basis of this 
analysis. This model applies burden and spacing geometries to fragmentation 
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characteristics. Although it is an old model, it is a simple optimisation approach to be 
able to match the expected fragmentation profile achieved with the currently 
implemented drill and blast design using AN based emulsions and alternative explosives. 
The full modelling application is detailed in Appendix Q. 
The inputs required Cunningham (2005) include: 
• Rock conditions: 
o Joint spacing and frequency; 
o Sonic velocity 
o Rock density 
o Unconfined compressive strength 
• Explosive type: 
o Explosive density 
o Relative Effective Weight Strength 
• Blast dimensions 
o Burden and Spacing 
o Hole Diameter 
o Standard drilling deviation 
o Hole length 
o Bench height 
For this study, rock conditions corresponded predominantly to Gneiss with an 
Unconfined Compressive Strength (UCS) of 131 MPa and a density of 2.8 kg/m3. The 
AN emulsion explosives data was obtained from detonation codes (African Explosives 
Limited 2016): 
• Density: 1.15 g/ml; and 
• Relative weight strength (RWS); 89. 
The detonation code input parameters for HP alternative explosive cartridge product are 
(Araos 2015): 
• Density: 0.93 g/ml; and 
• Relative weight strength (RWS); 151. 
The blast dimensions modelled were as used onsite. Burden and spacing used for the 
face design was 850 mm and 880 mm respectively. 
For AN emulsion explosives the resultant predicted fragmentation conditions from the 
empirical model is a mean fragmentation size of 3.30 cm with a uniformity index of 0.98. 
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It is assumed that these are the conditions of the centre of the shot. Full validation of this 
model with onsite fragmentation sieving analysis is required. The fragmentation achieved 
in the current active development headings is conducive to loading rates, so there is no 
need to change these fragmentation conditions. Therefore these conditions are the target 
for the optimised HP alternative explosive cartridge product design. 
From the detonation code outputs previously, the HP alternative explosive cartridge 
products have a higher RWS than the AN emulsion explosives. If the current burden and 
spacing design of 850 mm by 880 mm is maintained, the mean fragmentation size output 
is predicted at 26.6 mm with a uniformity index of 1.00. 
Plotting these predicted fragmentation results as shown in Figure 5.3-11, shows a 
difference in fragmentation profiles. The target profile is the AN emulsion, however it can 
be seen that the mean fragmentation produced from the HP alternative explosive 
cartridge products is too fine.   
 
 
Figure 5.3-11 Fragmentation curves from AN and HP decline design, current design 
 
Two options are therefore presented to solve this problem. Either reduce the size of the 
drill bits and therefore the amount of explosives in each hole, or increase the burden and 
spacing. As a reduction in drill bit size requires the purchase of new stock and/or reduced 
equipment size, the easiest solution is to increase the burden and spacing. 
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As mentioned, validation of the AN emulsion predicted model is required with a full 
sieving test. As this is impractical for the purposes of this thesis and showing rapid 
development value, it is assumed that the predicted results are acceptable. Therefore, 
within the fragmentation model, the burden and spacing of the HP design can be 
gradually increased until the target mean fragmentation of the AN emulsion is reached. 
As a result, for the HP alternative explosive product to have a mean fragment size of 33 
mm and a uniformity index of 1.05, the burden and spacing is 980 mm and 1000 mm 
respectively. The higher uniformity index is an improvement, as it means more uniform 
fragmentation with less fines. 
The resultant fragmentation curves for the optimised HP design is shown in Figure 5.3-12 
with the current AN emulsion design. It can be seen that the fragmentation profiles are 
almost a mirror, despite using different explosive products. 
 
 
Figure 5.3-12 Fragmentation curves from AN and HP decline design, optimised 
 
The final drill pattern for each product is shown in Figure 5.3-13 with the drive size 
parameters in Table 5.3-8. Both designs utilise decouple perimeter holes and four (4) 
uncharged reamers. The increased burden and spacing for the HP alternative product 
results in overall less drill holes. 
0
10
20
30
40
50
60
70
80
90
100
1.00 10.00 100.00 1,000.00
%
 P
as
si
ng
Fragment Size (mm)
      
AN emulsion HP alternate
123 
 
 
 
Figure 5.3-13 Decline face drill design AN top, HP bottom 
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Table 5.3-8 Standard face parameters 
 
 
Comparing the performance of two explosives from two different manufacturers is 
generally not advisable, as each explosives manufacturer uses different detonation 
codes and cut-off pressures (Torrance and Scott 2015). However, in this case, both the 
AN emulsion and HP alterative explosive have been run through the Vixen detonation 
code with energy values from the 20MPa cut-off pressure. Therefore, it is possible to 
compare these products. 
 
Table 5.3-9 Optimised design HP re-entry times 
 
Emulsion HP
Decline drive size
Total charged holes 71 59
Fully coupled holes 46 28
Decoupled holes 25 31
Hole diameter, mm
Round length, m
Collar length, m
Charge length, m
Charge volume, m3 0.006 0.006
Total charge volume, m3 0.369 0.286
Explosive density, kg/m3 1150 930
Total Kilograms Explosives 424 266
5m x 6m
45
0.4
3.7
4.1
Single Heading Decline 212.3m Max. CO
Exhaust 40 mins 1059 ppm
RAR 27 mins 1104 ppm
Decline face 20 mins 1223 ppm
Single Heading Decline 514m Max. CO
Exhaust 80 mins 471 ppm
RAR 68 mins 603 ppm
Decline face 25 mins 1218 ppm
Multi Heading Max. CO
Exhaust 1 22 mins 53 ppm
Exhaust2 24 mins 54 ppm
Heading1 19 mins 1210 ppm
Heading2 24 mins 1220 ppm
Decline/RAR 27 mins 982 ppm
Heading3 24 mins 1173 ppm
HD3 RAR 35 mins 1146 ppm
Heading4 22 mins 1123 ppm
HD4 RAR 26 mins 1123 ppm
125 
 
Ventilation simulation modelling can now be conducted on the optimised HP alternative 
explosive product, and compared to the current AN emulsion product design. The full 
ventilation simulation data, and maximum CO concentrations for the optimised HP 
design are shown in Table 5.3-9. 
The comparison of the optimised design for the HP alternative explosive cartridge 
products and the AN emulsion is shown in Table 5.3-10. A 30% reduction in re-entry time 
can be gained from a single heading operation with a fan on stage 1, and a 17% when 
the stage 2 fan is required due to heading distance from the RAR. Finally, there is a 38% 
reduction in re-entry time for the multi-fired heading scenario. Maximum CO 
concentration dropped by 62%. 
 
Table 5.3-10 Optimised HP advantages to AN 
 
 
As with the simulation comparison using equal kilograms of explosive product, the re-
entry time is when the RAR/Heading access intersections are CO 30 ppm and falling. 
The following charts (Figures 5.3-14 to 5.3-16) show the maximum CO concentration 
and subsequent time to reach 30 ppm is lower for all scenarios when using the optimised 
design for HP alternative explosive cartridge product. 
SHD 212.3m Diff. T T Reduction Diff. CO Conc Reduction
Exhaust 11 mins 22% 1683 ppm 61%
RAR 12 mins 30% 1756 ppm 61%
Decline face 11 mins 36% 1878 ppm 61%
SHD 514m Diff. T T Reduction Diff. CO Conc Reduction
Exhaust 13 mins 14% 854 ppm 64%
RAR 14 mins 17% 1094 ppm 64%
Decline face 13 mins 35% 1874 ppm 61%
Multi Heading Diff. T T Reduction Diff. CO Conc Reduction
Exhaust 1 11 mins 33% 93 ppm 64%
Exhaust2 11 mins 31% 93 ppm 63%
Heading1 11 mins 36% 1866 ppm 61%
Heading2 13 mins 36% 1874 ppm 61%
Decline/RAR 12 mins 32% 1622 ppm 62%
Heading3 14 mins 38% 1830 ppm 61%
HD3 RAR 14 mins 28% 1804 ppm 61%
Heading4 13 mins 37% 1779 ppm 61%
HD4 RAR 12 mins 32% 1779 ppm 61%
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Figure 5.3-14 SHD212 RAR HPopti vs AN time/concentration graph 
 
 
Figure 5.3-15 SHD514 RAR HPopti vs AN time/concentration graph 
 
Figure 5.3-16 Multi Decline RAR HPopti vs AN time/concentration graph 
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Currently, all of the detonation code data pertaining to the alternative explosive product 
is for an oxygen negative reaction. Addition of more fuel to the explosive formula will 
push the reaction to be oxygen positive which subsequently results in lower production 
of carbon monoxide. Future work should involve the evaluation of an oxygen positive 
formulation which will yield more advantages.  
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5.4. SUMMARY OF PRODUCTIVITY IMPLICATIONS WHEN IMPLEMENTING THE HP 
BASED ALTERNATIVE EXPLOSIVE 
The biggest difference between the AN emulsion and both HP alternative explosives 
simulations is the reduction in re-entry time and maximum CO concentrations. 
Referring back to Chapter 1, and the industry study on re-entry times it was noted that 
on average, single heading operations were losing 17% production hours of a 12 hour 
shift due to re-entries. A multi heading operation was losing 12% of production hours due 
to re-entries. Applying the reduction in re-entry time as modelled through VentSim (Table 
5.3-10) it is possible that single heading and multi-heading operations can gain an 
additional 33 and 27 minutes respectively of production time every 12 hour shifts as 
shown in Table 5.4-1. This equates to an additional thirty-three (33) equivalent 12 hour 
shifts per year in a single heading decline. An additional twenty-eight (28) equivalent 12 
hour shifts per year in a multi heading operation.    
 
Table 5.4-1 Potential value creation of HP cartridge product underground 
 
 
For a mine similar to the one used as a base line in this study, who were achieving an 
average 211 m per month in a single heading decline, these results equate to an 
additional 117 m every year purely through a change in explosive products. In a multi 
heading operation with a 660 m average monthly face advance, improvements could be 
of the order of an additional 305 m. 
An increase in advance meters will result in a direct reduction in annual operating cost. 
Furthermore, an increase in meters also means that production tonnages will come 
online earlier therefore the mine is able to realise value sooner, impacting on cash flow 
and NPV. 
It is noted that the current alternative explosive product tested has a product formulation 
resulting in an oxygen negative reaction, which affords an increased production of carbon 
monoxide. It is possible to change this formulation to be oxygen positive therefore there 
will be additional O2 that does not react resulting in a further reduced carbon monoxide 
/12hour shift /Annum
Single Heading 17% 5% 33 mins 397 hrs 33 shifts
Multi Heading 12% 4% 27 mins 331 hrs 28 shifts
Additional equivalent 
12hr shifts
Total Production hrs gainedCurrent Lost time 
due to 
Re-entry %
Site Type
Reduction 
due to HP
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emissions factor than what is currently seen. This product has yet to complete trials 
(Araos 2017). AN emulsions have issues with post blast fume production if the product 
formula is changed between oxygen negative and positive reactions (Bailey 2011). 
Oxygen positive AN reactions produce more NOx fume, whilst oxygen negative reactions 
produce more CO (De Souza and Katsabanis 1991). 
Finally, the reduction in drilling time due to the reduced face holes for the optimised D&B 
design for the alternative cartridge products was not taken into account in this study. 
Less drilling will also have an impact on tool consumption, maintenance cycles etc. As 
complete cost model and economic value is beyond the scope of this thesis but should 
be considered as future work.  
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5.5. CONCLUSIONS 
From the ventilation simulation modelling conducted in VentSim comparing AN emulsion 
underground product to HP alternative explosive cartridge product it has been shown 
that there is an average reduction of 27% and 32% in re-entry times for single heading 
and multi-heading operations respectively. The total carbon monoxide concentrations 
through the use of HP alternative cartridge explosive products is reduced on average by 
62% compared to current industry available AN emulsion underground product.  
Initial ventilation simulation models comparing AN emulsion to HP alternative explosive 
cartridges at the same fired kilograms, showed a reduction in re-entry time and maximum 
CO concentrations. However, through detonation codes, it was shown that HP alternative 
explosive products had a higher available energy per weight at a lower density than the 
AN emulsion products. Through the use of a simplistic empirical fragmentation model, 
this increase of energy resulted in a finer fragmentation profile for the HP cartridge 
products. To maintain the same fragmentation profile as the AN underground emulsion 
the drill pattern was expanded for the HP alternative explosive product to an optimised 
drill and blast design. This led to even further reductions in the re-entry time and 
maximum CO concentration levels, but maintaining the current fragmentation profile.  
The results analysed for both AN emulsion cartridge and HP alternative cartridge 
product. The total reduction in re-entry time and CO concentration is shown in Table 
5.5-1. 
These times do not take into account the time reduction observed from reduced drilling 
requirements for a HP face. Further reductions are possible by making the current HP 
alternative product formulation oxygen positive, however further testing is required in this 
area. 
In total, through a product swap, an effective 33 additional 12hour shifts of work become 
available per annum in a single heading operation, and 28 in a multi-heading operations. 
An increase in advance meters will result in a direct reduction in annual operating cost. 
Furthermore, an increase in meters also means that production tonnages will come 
online earlier therefore the mine is able to realise value sooner, impacting on cash flow 
and NPV. 
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Table 5.5-1 Re-entry time and CO reduction through the use of HP 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SHD 212.3m Diff. T T Reduction Diff. CO Conc Reduction
Exhaust 11 mins 22% 1683 ppm 61%
RAR 12 mins 30% 1756 ppm 61%
Decline face 11 mins 36% 1878 ppm 61%
SHD 514m Diff. T T Reduction Diff. CO Conc Reduction
Exhaust 13 mins 14% 854 ppm 64%
RAR 14 mins 17% 1094 ppm 64%
Decline face 13 mins 35% 1874 ppm 61%
Multi Heading Diff. T T Reduction Diff. CO Conc Reduction
Exhaust 1 11 mins 33% 93 ppm 64%
Exhaust2 11 mins 31% 93 ppm 63%
Heading1 11 mins 36% 1866 ppm 61%
Heading2 13 mins 36% 1874 ppm 61%
Decline/RAR 12 mins 32% 1622 ppm 62%
Heading3 14 mins 38% 1830 ppm 61%
HD3 RAR 14 mins 28% 1804 ppm 61%
Heading4 13 mins 37% 1779 ppm 61%
HD4 RAR 12 mins 32% 1779 ppm 61%
  
 
 
 
 
 
 
 
 
 
CHAPTER 6 - Conclusions 
 
Conclusions 
 
This chapter summarises the main conclusions on the evaluation of 
alternative peroxide based cartridge explosives and their potential 
application in underground rapid development mining. The product viability 
was confirmed via unconfined detonation tests; and. the potential value add 
to underground mining, as a contributor to rapid development, was 
confirmed through ventilation modelling. 
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6.1. GENERAL CONCLUSIONS 
Following the completion of the ACARP project C20016 A method to assess and 
minimise the potential for blast fume generation from blasting (Cavanough, Torrence et 
al. 2013) there was no definitive answer as to what caused post blast fume generation 
or any steps available that mine sites could put in place to reduce their exposure to the 
risk of nitrous oxide fumes. At the same time, the author was completing portal cuts for 
several decline mines and ventilation adits and observed multiple incidences of nitrous 
oxide fume generation during these firings and made the assumption that the same fume 
occurrences must take place during regular underground development blasting but was 
often unseen. Araos and Onederra (2013) then proposed to eliminate the nitrates from 
the explosive formula altogether. From a hierarchy of controls point of view, this approach 
was the most effective for minimising risk and hazard to operations. Initially the project 
into the development of an alternative explosive product was funded by Australian open 
pit coal mining association, however the opportunity arose for the use of alternative 
explosive products in the underground environment to eliminate fuming incidences there 
as well. As with previous introduction of newly developed explosives to the underground 
environment, cartridges were the initial product to be trialled with alternative explosives. 
Historically, use of cartridge products underground eliminated the need for excessive 
infrastructure underground for storage of bulk explosives, and did not require a purpose 
built charge machine as needed when using a bulk system.  
With the opportunity of alternative explosive cartridge products for underground 
identified, the requirement to characterise this new product arose. The value potential of 
alternative explosive cartridge products also needed to be defined to enable future 
research work to be completed.  
To assess and define the performance characteristics of the alternative product prior to 
implementation within an operating underground mine, an unconfined surface test 
program is required. The test program set out to obtain data for the following 
characteristics:  
• Critical diameter; 
• Detonation characteristics at varying diameters and densities; 
• Stoichiometrically correct detonable formulations for detonator sensitivity. 
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6.2. EXPERIMENTAL PROGRAM - UNCONFINED VOD OF SMALL DIAMETER HP BASED 
EXPLOSIVES 
 
In total, twenty six (26) unconfined surface tests were completed that contributed towards 
the alternative explosive cartridge product. Five (5) base alternative explosive product 
formulations were proposed for testing as cartridge products. These were: 
• Low concentration hydrogen peroxide 50% w/w sensitised with: 
o Gas, either nitrogen or hydrogen peroxide decomposition (HP50gas) 
o Gas and expanded polystyrene balls (HP50EPS) 
• Low concentration hydrogen peroxide 44% w/w sensitised with: 
o Gas, either nitrogen or hydrogen peroxide decomposition (HP44gas) 
o Gas and expanded polystyrene balls (HP44EPS) 
• Low concentration hydrogen peroxide 44% w/w sensitised with  
o Aluminium additive and glass micro balloons (AlGMB) 
From the twenty six test samples, seven failed to complete full detonation of the charge 
column. The fail/pass tests of all products determined the product formulation, resulting 
in 19 detonable tests with seven (7) different detonable product formulations. These 
formulations varied based on density and sensitivity components used. The product 
formulation which included aluminium as an additive to increase the velocity of 
detonation failed, however no further investigations into this formulation was completed 
due to time and cost restrictions. Further test work is required. 
Cartridge products are required to be detonator sensitive. Therefore the product has to 
be sensitive enough to be initiated with a detonator; as opposed to bulk explosives which 
require the energy from the detonation reaction of a primer/booster to initiate the 
explosive column. From the detonator only tests, only one test failed, resulting in four (4) 
product formulas at densities ranging from 0.5 g/ml – 0.9 g/ml being detonator sensitive. 
Due to the nature of underground drill and blast operations, and the requirement for small 
diameter drill holes, compared to the large hole diameters seen open pit, the explosive 
product has diameter limitations. This is compounded in weak incompetent / blocky 
ground that can result in final hole diameters smaller than drilled due to hole collapse. 
To ensure an effective detonation front, the minimal diameter that can support a 
detonation front needs to be determined. This is known as the critical diameter of the 
product. For alternative explosive cartridge products, this resulted in critical diameters 
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ranging from 20 cm to 25 cm for product sensitised with gas to 0.49 g/ml to 0.9 g/ml. 
Indicative trends showed that as the density of the product decreased so did the critical 
diameter. The test methods employed in this field experiment was time consuming and 
didn’t allow for full exploration of results. Further testing using conical samples is required 
to accurately pinpoint the critical diameter for each product formulation. 
Non-ideal detonation behaviour was exhibited by all alternative cartridge product tests, 
through the analysis of VOD data. The VOD is influenced by the density and diameter of 
the product. It was further observed that peak VOD’s for set diameters or set densities 
could also be achieved, which mirrors historical results of ammonium nitrate 
commercially available explosives. 
Finally, analysis of the high speed video of all test samples showed that a direct 
relationship between the detonation front width and the gas expansion existed. Therefore 
the wider the detonation reaction zone the quicker the gas expansion velocity. The 
composition of these gases can be theoretically calculated for use in further ventilation 
simulation studies. 
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6.3. VENTILATION MODELLING 
 
The ventilation simulation modelling compared AN emulsion underground product to HP 
alternative explosive cartridge product. Completed in VentSim, it has been shown that 
there is an average reduction of 27% and 32% in re-entry times for single heading and 
multi-heading operations respectively. The total carbon monoxide concentrations 
through the use of HP alternative cartridge explosive products is reduced on average by 
62% compared to current industry available AN emulsion underground product.  
Initial ventilation simulation models comparing AN emulsion to HP alternative explosive 
cartridges at the same fired kilograms, showed a reduction in re-entry time and maximum 
CO concentrations. However, through detonation codes, it was shown that HP alternative 
explosive products had a higher available energy per weight at a lower density than the 
AN emulsion products. This resulted in a finer fragmentation profile for the HP cartridge 
products. To maintain the same fragmentation profile as the AN underground emulsion 
the drill pattern was expanded for the HP alternative explosive product to an optimised 
drill and blast design. This led to even further reductions in the re-entry time and 
maximum CO concentration levels, but maintaining the current fragmentation profile.  
These times do not take into account the time reduction observed from reduced drilling 
requirements for a HP face. Further reductions are possible by making the current HP 
alternative product formulation oxygen positive, however further testing is required in this 
area. 
In total, through a product swap, an effective 33 additional 12hour shifts of work become 
available per annum in a single heading operation, and 28 in a multi-heading operations. 
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6.4. RECOMMENDATIONS FOR FUTURE RESEARCH WORK 
Future work programs can be split into two streams: 
1. Further experimental research   
2. Comprehensive ventilation modelling and validation through field trials. 
As part of future experimental research work to address gaps in current knowledge, the 
following should be considered: 
• Investigate the use of aluminium additive:  
o Determine formula which supports detonation front; and 
o Will the aluminium additive help support a VOD in heavier HP cartridge 
products? 
• Conduct conical testing to determine actual critical diameter; 
o At the same density, what is the VOD behaviour as the product trends 
towards critical diameter? 
o Does a varying density effects the VOD as diameter trends towards 
critical? 
• Conduct further tests on 20 mm diameter with heavier density; 
With regards to conducting further ventilation modelling and validation and thus support 
rapid development applications, the following further work is required: 
• Complete gas composition and quality tests: 
o Validate VentSim model with actual gas test data. 
• Complete working mine underground study: 
o Determine the savings on re-entry time; 
o Establish if the need to shift paradigm/process is required: 
o Calculate full value opportunity for alternative cartridge products. 
 
 
 
 
 
 
138 
 
REFERENCES 
 
African Explosives Limited (2016). UG100 Technical Data Sheet,  
  
African Oxygen Limited (2017). Afrox Product Reference Manua. South Africa 
  
Akhavan, J. (2011). The Chemistry of Explosives, The Royal Society of Chemistry, Cambridge, UK. 
  
Araos, M. (2013). Improved explosive composition, Australia Patent WO2013013272 
  
Araos, M. (2015). 'Study of the detonation properties of HP-based explosives at low concentration', 
Doctorate of Philosophy in the field of Mining Engineering, University of Queensland, 
(unpublished). 
  
Araos, M. (2017). HP stuff. [email]. 
  
Araos, M. (2017). RE: Book1.xlsx. [email]. 
  
Araos, M. and Onederra, I. (2013). Alternative and sustainable explosive formulations to eliminate 
Nitrogen Oxide emissions, C23029, ACARP, Brisbane, Australia. 
  
Araos, M. and Onederra, I. (2014). 'Development of a novel mining explosive formulation to eliminate 
nitrogen oxide fumes', Mining Technology, vol 00, no 00, pp  
  
Araos, M. and Onederra, I. (2014). Preparation and testing of H2O2 / fuel-based explosive mixtures, 
Gore site risk assessment University of Queensland, (unpublished). 
  
Araos, M. and Onederra, I. (2015). "Detonation and Breakage Performance of a Hydrogen Peroxide-
based Explosive Formulation", in Eleventh International Symposium on Rock Fragmentation 
by Blasting, Sydney, Australia, 24-26 August, pp 565-574. 
  
Araos, M. and Onederra, I. (2016). 'Study of the detonation process of novel hydrogen peroxide 
based explosives using high speed video', vol no pp  
  
Araos, M. and Onederra, I. (2017). "Development of Ammonium Nitrate-free mining explosives", in 
International Society of Explosives Engineers 2017G, Sydney, pp  
  
ARTIDOR (2015).Explosion Safety – Explosive Protection, accessed 8th April 2015, 
<http://artidor.com/en/products/explosion-protection.html> 
  
Aspinall, T. O. (1992). 'An Investigation of Ammonium Nitrate Carbonaceous Mixture for Use as 
Blasting Agents', Master of Engineering Science, University of Queensland, (unpublished). 
139 
 
  
Backsteiner, G., et al. (1994). The Critical diameter, detonation velocity and shock sensitivity of 
Australian PBXW-115, DSTO Aeronautical and Maritime Research Laboratory, Melbourne, 
Australia. 
  
Badners, H. and Leiber, C. O. (1992). 'Method for the Determination of the Critical Diameter of High 
Velocity Detonation by conical geometry', Propellants, Explosives, Pyrotechnics, vol 17, no 
2, pp 71-88. 
  
Bailey, V. (2011). 'An Investigation into Causes of Post Blast Fumes in Open Cut Coal Operations', 
Bachelor of Engineering, University of Queensland., (unpublished). 
  
Baker, A. W. and Groves, W. (1962). Hydrogen peroxide explosives, US Patent 3047441 
  
Barnhart, C. R. (2003). "Understanding the “orange smoke” problem in cast blasting", in Twenty-
Ninth Annual Conference on Explosives and Blasting Technique, Nashville, Tennessee, 2-5 
February, International Society of Explosives Engineers, Cleveland, Ohio, pp 307-318  
  
Barnhart, C. R. (2004). "Analytical measurements in cast blasting to identify the cause and cure for 
“orange smoke”", in Thirtieth Annual Conference on Explosives and Blasting Technique, New 
Orleans, Louisiana, 1-4 February, International Society of Explosives Engineers, Cleveland, 
Ohio, pp 365-377. 
  
Bhandari, S. (1997). Engineering Rock Blasting Operations, A.A.Balkema, Rotterdam. 
  
Brinkmann, J. R. (1990a). "An Experimental study on the effects of shock and gas penetration in 
blasting", in Third International Symposium on Rock Fragmentation by Blasting (FragBlast 
'90), Brisbane, 13-17 September, Australian Institute of Mining and Metallurgy, pp 55-66. 
  
Brinkmann, J. R. (1990b). 'The behaviour of different explosive types and the effects on blast results', 
Static and Dynamic Considerations in Rock Engineering, vol no pp 49-62. 
  
Brown, D. (2015). Tracker 4.91,  
  
Byrnecut Australia (2015). Jumbo Operations: Installation of ground support, bolting, Byrnecut 
Australia 
  
Cavanough, G., et al. (2013). A method to assess and minimise the potential for blast fume 
generation from blasting, C20016, ACARP, Brisbane, Australia. 
  
Chasm Consulting (2016).Tutorial Staging Airways: VentSim, accessed 14th January 2017, 
<http://www.ventsim.com/tutorials/tutorial-staging-airways/> 
  
Chasm Consulting (2017). Vensim: User Guide, Version 4.5, VentSim, Capalaba, Australia. 
140 
 
  
Chitombo, G. and Trueman, R. (1996). Long Round Drilling: state-of-the-art, P475, AMIRA, 
Brisbane, Australia. 
  
ComCare (2017).Work Health and Safety Procedures, accessed 30th January, 
<https://www.comcare.gov.au/preventing/governance/procedures> 
  
Commonweath of Australia (2012). National Pollutant Inventory: Emission estimation technique 
manual for Explosives detonation and firing ranges,  
  
Conrad, K. L. (1969). Method of Controlling density in gas-sensitized aqueous explosives, US Patent 
3642547 
  
Cunningham, C. V. B. (1983). The Kuz–Ram model for prediction of fragmentation from blasting. 
First International Symposium on Rock Fragmentation by Blasting, Luleå, Sweden. 
  
Cunningham, C. V. B. (2005). The Kuz-Ram fragmentation model – 20 years on. 2005 European 
Federation of Explosives Engineers, Brighton. 
  
Davis, T. L. (1943). The Chemistry of Powder and Explosives, John Wiley & Sons Inc., New York. 
  
Davison, D. and Johnson, R. (1999). "Metafex Composites: Safe, Energetic, Economical 
Replacements for Explosives", in Twenty Fifth Annual Conference on Explosives and 
Blasting Techniques, Nashville, Tennessee, 7-10 February, International Society of 
Explosive Engineers, pp 69-80. 
  
De Souza, E. M. and Katsabanis, P. D. (1991). 'On the prediction of blasting toxic fumes and dilution 
ventilation', Mining Science and Technology, vol 13, no pp 223-235. 
  
Dubois, A. (2017). Bolting setup on TCADs. [email]. 
  
Friedman, M. and Ury, M. (1977). 'Chemically Enhanced Opening Switch for Generating High-
Voltage Pulses', Review of Scientific Instruments, vol 48, no 3, pp 279. 
  
Golder Associates (1976). Tunneling Technology - An appraisal of the state of the art for application 
to transit systems, Ministry of Transportation and Communications, Research and 
Development Division,  
  
Gupta, R. N., et al. (2011). Evaluation of Explosives Performance through In-the-Hole Detonation 
Velocity Measurement 
MT/96/96, National Institute of Rock Mechanics, Karnataka, India. 
  
141 
 
Harris, M. l., et al. (2003). "Toxic Fume Comparison of a Few Explosives Used in Trench Blasting", 
in Twenty Ninth Annual Conference on Explosives and Blasting Technique, Nashville, 
Tennesse, 2-5 February, International Society of Explosives Engineers, pp 319–336. 
  
Henley, K. (2010). "Generation of visible post blast fume", in MINEvolution: Drilling & Blasting 2010, 
Perth, 31 May–1 June, pp 345-352. 
  
Jaffe, I. (1962). 'Determination of the Critical Diameter of Explosive Materials', ARS Journal, vol 32, 
no 7, pp 1060-1065. 
  
Johnex Explosives (2016).Johnex Explosives: Australia's Explosives Innovators, accessed 17th May 
2016, <http://www.johnex.com.au/> 
  
Kobylkin, I. F. (2006). 'Calculation of the critical detonation diameter of explosive charges using data 
on their shock-wave initiation', Combustion, Explosion, & Shock Waves, vol 42, no 2, pp 223-
226. 
  
Kozak, G. D. (1995). 'Critical Diameter and Spin Effects in Detonation of Cast and Liquid Explosives', 
Combustion, Explosion, and Shock Waves, vol 31, no 2, pp 266-269. 
  
Lownds, C. M. (1991). "Energy partition in blasting", in Third High-Tech Seminar on Blasting 
Technology, Instrumentation and Explosives Applications, San Diego, Blasting Analysis 
International, pp  
  
Mahadevan, E. G. (2013). Ammonium Nitrate Explosives for Civil Applications: Slurries, Emulsions 
and Ammonium Nitrate Fuel oils, 1st edn, Wiley-VCH Verlag & Co., Weinheim, Germany. 
  
Mainiero, R. J., et al. (2007). "Dangers of toxic fumes from blasting", in Thirty Third Annual 
Conference on Explosives and Blasting Technique, Nashville, Tennessee, 28-31 January, 
International Society of Explosives Engineers, Cleveland, Ohio, pp 1-6. 
  
Maranda, A. and Szymański, R. (2003). 'Tests on critical diameter and detonation velocity of mixtures 
of ammonium nitrate (V) and selected organic substances', CHEMIK 2013, vol 67, no 2, pp 
13-18. 
  
Maxam (2010).RioFlex 10000: Bulk Watergel explosive technical data sheet, accessed 27th 
February 2016, <http://www.maxam-corp.com.au/> 
  
McCurdy, G. W. (1946). Process for preparing Pentolite, US Patent 2395341A 
  
Meyer, R., et al. (2008). Explosives, John Wiley and Sons, Germany. 
  
MREL (2014). MicroTrap VOD/Data recorder: Operations Manual ed 4.3, MREL group of companies 
Ltd 
142 
 
  
NIOSH (1982). Occupational Exposure to Carbon Monoxide,  
  
Onederra, I., et al. (2012). 'Understanding the main causes of nitrogen oxide fumes in surface 
blasting', Transactions of the Institutions of Mining and Metallurgy, Section A: Mining 
Technology, vol 121, no 3, pp 151-159. 
  
Orica (1999). ANFO composition, Patent Application PCT/AU1999/000390 
  
Orica (2011a).Amex LD 50/50: Technical Data sheet, accessed 16th January 2015, 
<www.oricaminingservices.com> 
  
Orica (2011b). 'Subtek Charge: Technical Data sheet', vol no pp  
  
Orica (2011c).Senatel Magnum: Technical Data sheet, accessed 16th January 2015, 
<www.oricaminingservices.com> 
  
Rock, J., et al. (2005). "Coming of Age of Low-Density Explosives", in Coal 2005; Coal Operators' 
Conference, University of Wollongong, NSW, AusIMM, pp 175-182. 
  
Rowland, J. H. and Mainiero, R. J. (2000). "Factors affecting ANFO fumes production", in Twenty-
Sixth Annual Conference on Explosives and Blasting Technique, Anaheim, California, 12-15 
February, International Society of Explosives Engineers, Cleveland, Ohio, pp 163-174. 
  
S2S (2003).Training Test Modules – Oxygen Balance, accessed 8th April 2015, <http://www.safety-
s2s.eu/modules.php/modules.php?name=s2s_wp4&idpart=2&op=v&idp=728> 
  
Safe Work Australia (2011). Ventilation of Underground Mines: Code of Practice,  
  
Sapko, M., et al. (2002). "Chemical and physical factors that influence NOx production during 
blasting-exploratory study", in Twenty Eighth Annual Conference on Explosives and Blasting 
Technique, Las Vegas, Nevada, 10-13 February, International Society of Explosives 
Engineers, Cleveland, Ohio, pp 317-330. 
  
Sasmito, A. P., et al. (2012) Mathematical multi-scale framework for total air-conditioning in 
underground mines.   
  
Sciencing (2016).How to convert molecular weight to density, accessed 23rd December 2016, 
<http://sciencing.com/convert-molecular-weight-density-5858792.html> 
  
Sheffield, S. A., et al. (2010). "Shock initiation and detonation study on high concentration H2O2/H2O 
solutions using in-situ magnetic gauges", in 14th International Detonation Symposium 
Meeting, Coeur D’Alene, Idaho, 11-16 April, IHDIV, Naval Surface Warfare Center, pp 34-
45. 
143 
 
  
ShotTrack Pty Ltd (2016). ShotTrack VOD305: High resolution TDR VOD measurements,  
  
Stewart, C. (2017). Ventsim Request. [email]. 
  
Stewart, C. M. (2014). "Practical prediction of blast fume clearance and workplace re-entry times in 
development headins", in Tenth International Mine Ventilation Congress, Sun City, South 
Africa, The Mine Ventilation Society of South Africa, pp 1-8. 
  
Stiehr, J. F. (2011). ISEE blasters' handbook : 18th edition, International Society of Explosives 
Engineers, Cleveland, Ohio. 
  
Sujansky, V. J. and Noy, M. J. (1999). ANFO composition, AU WO1999061395A1 
  
Torrance, A. and Scott, A. (2015). "What is Relative about Energy?", in Eleventh International 
Symposium on Rock Fragmentation by Blasting (FragBlast11), Sydney, Australia, 24-26 
August, The Australian Institute of Mining and Metallurgy, pp 447-454. 
  
Tose, S. (2017). RE: Vixen Code & UG100 - Gas output. [email]. 
  
Tourné, M. (2013). Developments in Explosives Characterization and Detection. S12:002, 
10.4172/2157-7145.S12-002 
  
Tran, T. D., et al. (2002). "Characterization of Detonation wave propagation in LX-17 near the critical 
diameter", in Twelfth International Detonation Symposium, San Diego, California, 11-16 
August, Lawrence Livermore National Laboratory, pp 1-10. 
  
Tsykalo, A. L. and Tabachnikov, A. G. (1966). 'Density, viscosity and bond energy of molecules in 
aqueous hydrogen peroxide solutions', Teoreticheskaya i Eksperimental'naya Khimiya, vol 
2, no 6, pp 837-839. 
  
Turcotte, R., et al. (2002). "Factors affecting fume production in surface coal blasting operations", in 
Twenty-Eighth Annual Conference on Explosives and Blasting Technique, Las Vegas, 
Nevada, 10-13 February, International Society of Explosives Engineers, Cleveland, Ohio, pp 
307-316. 
  
Western Australian Government (2010). Mine Safety and Inspection Regulations 1995. Western 
Australia, Western Australian Government 
  
Zeeman, D. (2017). RE: Ranger II - Ext Trigger. [email]. 
  
144 
 
APPENDIX A INDUSTRY SURVEY 
ID Week 
ending 
Date Shift Crew Heading Cycle # Chainage Start Time Finish Time Total Time Secondary Comments 
             
             
             
             
             
             
    EXAMPLE BELOW        
1 WE141214 08/12/2014 D F Decline 0  7:00 7:30 0:30 Shift Change / travel  
2 WE141214 8/12/2014 D F Decline 0  7:30 12:45 5:15 Bolting and Meshing  
3 WE141214 8/12/2014 D F Decline 1 688.17 12:45 14:45 2:00 Boring  
4 WE141214 8/12/2014 D F Decline 1  14:45 15:45 1:00 Re-bog  
5 WE141214 8/12/2014 D F Decline 1  15:45 16:45 1:00 Boring  
6 WE141214 8/12/2014 D F Decline 1  16:45 18:00 1:15 Charging  
7 WE141214 8/12/2014 D F Decline 1  18:00 18:15 0:15 Clearance & Firing  
8 WE141214 8/12/2014 D F Decline 1  18:15 19:00 0:45 Re-entry  
9 WE141214 8/12/2014 N D Decline 1  19:00 19:30 0:30 Shift Change / travel  
10 WE141214 8/12/2014 N D Decline 1  19:30 20:15 0:45 Re-entry  
11 WE141214 8/12/2014 N D Decline 1  20:15 22:15 2:00 Bogging  
12 WE141214 8/12/2014 N D Decline 1  22:15 3:00 4:45 Bolting and Meshing Also bored 5 x cable bolts 
13 WE141214 8/12/2014 N D Decline 2 691.7 3:00 4:15 1:15 Boring  
14 WE141214 8/12/2014 N D Decline 2  4:15 4:30 0:15 Re-bog  
15 WE141214 8/12/2014 N D Decline 2  4:30 5:15 0:45 Boring  
145 
 
APPENDIX B SURVEY TIME CODES 
 
 
Non-Production Production Re-entry
Blasting other heading Bogging Shift Change meeting
Crew Changeover / Fly out day Bolting and Meshing Start of shift travel
End of shift travel Boring Re-entry
Maintenance failure preventing face access Re-bog Tagboard closed/open
Mine Clearance & Firing Charging
Misfire
Non production meeting
Planning - Bogger unscheduled
Planning - Charge rig unscheduled
Planning - Jumbo unscheduled 
Power failure
Safety Stop
Scheduled Service/Power Upgrade
Services failure
Survey / Geotech
Ventilation failure
Waiting for firing
Working other heading
Workplace Inspection
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APPENDIX C TRACKER CALIBRATION AND USE 
1. Open Tracker, and open the video to be analysed 
2. Now you need to calibrate the video and set it up to ensure the correct: 
• Video time zero is when the surface detonator initiates 
• Distances are set for the video 
• Correct Frames per second is being used 
Calibrate VIDEO 
To begin with, navigate to the point in the video 
at the exact frame where the detonator initiates. 
This will be time zero. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Right click on the black 
triangle underneath the video 
slider bar. Three options will 
appear as shown below, 
select the Set Start Frame to 
Slider (xxx). “XXX” is the 
frame count, in the below 
picture it is 359, which means 
set the frame slider to 359. 
 
 
The video can now be set to time zero. Left click 
on the frame count button (bottom left hand 
corner, in red text). From the drop down options, 
select Set Time to Zero. 
 
 
 
 
DETONATOR START 
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The final time calibration to setup is the Frame 
rate of the video. Right click on the video slider 
bar. The below drop down menu will appear. 
Select Clip Settings….. This will then show the 
following setting userform for the video. Fill in 
the frame rate that the video was shot, eg. 1,000 
frames/second. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Finally, calibrate distance in the video. To do this, select the drop down menu Track, and them 
select Calibration tools > Calibration stick. The default calibration stick which is set to 100 is 
shown. This is a unit less calibration stick, so ensure that you use the same unit of 
measurement for all sticks within the video. Select a known distance in the video, and move 
both ends of the calibration stick to this distance. Input the length of this known distance. In 
the below example, the distance is 3m in between the plastic bottles. It was specifically 
measured at 3m before it was placed over the crest. 
The video is now calibrated, and tracking of objects is now enabled. 
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Start Tracking 
Commence tracking a New Point 
Mass. This will involve tracking a 
specific pixel, in this example, it is 
the bottom left hand corner of the 
plastic box. Holding down SHIFT will 
bring up the crosshairs of the 
tracker. Place this over the pixel you 
want to tracker and then click the 
left-hand button. This will 
immediately record that position in 
time, and then move to the next 
frame. Continue to click and track 
the pixel including when it begins to 
move. 
 
 
 
The image to the right shows the 
point mass track (in red) in the video. 
The top right hand dashboard shows 
the graph of the mass location at any 
given time. Below this graph is the 
table of the physical results. As you 
scroll through the video, frame by 
frame, the frame that you are 
currently looking at is highlighted in 
the table, and on the graph. In the 
below example, the arrow is pointing 
to the highlighted frame in the graph. 
Below is the graph for this point 
mass track. Right clicking on the 
graph will allow you to copy the 
graph as a picture. The drop down 
menu at the top of the graph allows 
you to select and view the different 
point mass tracks that have been developed. In this 
example, it is showing “Mass A”. An identical drop down 
menu to select other developed point mass tracks can be 
shown in the data table as well. 
 Once you have completed a point mass track, you use the 
above graph and table to determine the point at which the 
tracked point starts to move. In the below example, the 
highlighted point in the graph, showing the first major 
incidence of movement in the y axis is selected, and the 
corresponding data is shown in the table below. In this case, 
this movement occurred as 0.018seconds. 
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APPENDIX D TEST DATES AND TEST NUMBERS 
 
Test Date Actual Test # Thesis Test #
17 Nov 15 Test3 1
17 Nov 15 Test4 2
17 Nov 15 Test5 3
17 Nov 15 Test6 4
17 Nov 15 Test7 5
17 Nov 15 Test8 6
17 Nov 15 Test9 7
17 Nov 15 Test12 8
17 Nov 15 Test13 9
17 Nov 15 Test14 10
17 Nov 15 Test20 11
17 Nov 15 Test22 12
17 Nov 15 Test29 13  
13 Apr 15 Test2 14
14 Apr 15 Test20 15
15 Apr 15 Test35 16
15 Apr 15 Test37 17  
25 Nov 14 Test3 18
25 Nov 14 Test4 19
26 Nov 14 Test13 20
26 Nov 14 Test14 21  
17 Jan 14 unknown 22
17 Jan 14 unknown 23
17 Jan 14 unknown 24
17 Jan 14 unknown 25
17 Jan 14 unknown 26
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APPENDIX E NOVEMBER 2017 CARTRIDGE TESTS 
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Failed tests numbers …. 
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APPENDIX F VOD MEASUREMENT SETUP 
The complete steps for setting up the VOD equipment for the unconfined surface tests are: 
1. Attach green probecable to the outside of the test cylinder; 
2. Tie a resistor into the top of the probecable; 
3. Fill the test cylinder with product and setup in the test area; 
4. Tie the permanent trunk coaxial cable into the probecable on the test cylinder; 
5. At the Microtrap box, test that the system is within range; 
6. If out of range, check the permanent trunk cable of any defects/cuts and repair; 
7. If in range, check the number of test remaining; 
8. Set box to record next test; 
9. Return to outside the blast exclusion zone, and initiate the test result; 
10. Once the test area has been deemed safe for re-entry, return to the Microtrap to 
download the test data. Turn box off; and 
11. Complete a check on the permanent trunk coaxial cable for any defects/cuts and repair 
prior to the next test. 
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APPENDIX G VOD TRACES 
Test 4 – 25th November 2014 
 
 
Test 13 – 26th November 2014 
 
 
Test14 – 26th November 2014 
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APPENDIX H VOD AND THE EFFECT OF DENSITY 
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APPENDIX I VOD AND THE EFFECT OF DIAMETER 
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APPENDIX J VOD MEASURED AND TRACKER CALCULATED 
 
 
Test # Date Oxidiser Sensitiser Density Diameter Initiation Detonation? VOD meas VOD calc. VOD calc/meas   
   
1 17 Nov 15 44% Gas Bubbles, O2 0.83 g/ml 34 mm det only Yes 3600 3604 100%
2 17 Nov 15 44% Gas Bubbles, O2 0.83 g/ml 27 mm det only Yes 3957 4173 105%
3 17 Nov 15 44% Gas Bubbles, O2 0.83 g/ml 20 mm det only Yes 2858 2811 98%
4 17 Nov 15 44% Gas Bubbles, O2 0.49 g/ml 34 mm det only Yes 3040 2811 92%
5 17 Nov 15 44% GMB 1.02 g/ml 34 mm det only No Failed 0 0%
6 17 Nov 15 44% Gas Bubbles, O2 0.49 g/ml 27 mm det only Yes 2486 2613 105%
7 17 Nov 15 44% Gas Bubbles, O2 0.49 g/ml 20 mm det only Yes 2473 2613 106%
8 17 Nov 15 44% GMB 0.81 g/ml 34 mm det only Yes 3482 3499 100%
9 17 Nov 15 44% GMB 0.89 g/ml 34 mm det only Yes 3351 3359 100%
10 17 Nov 15 44% GMB 0.89 g/ml 27 mm det only Yes 2971 3014 101%
11 17 Nov 15 44% Gas Bubbles, O2 0.63 g/ml 34 mm det only Yes 3030 3054 101%
12 17 Nov 15 44% Gas Bubbles, O2 0.63 g/ml 27 mm det only Yes 3572 2915 82%
13 17 Nov 15 44% Gas Bubbles, O2 0.63 g/ml 20 mm det only Yes 1949 2826 145%
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APPENDIX K TRACKER OUTPUT GRAPHS 
Test 10 detonation front displacement 
 
Test 10 velocity magnitude of the detonation front 
 
Test 10 gas expansion displacement 
 
Test 10 velocity magnitude of the gas expansion 
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APPENDIX L VENTSIM MODEL SINGLE HEADING 212.3M 
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APPENDIX M VENTSIM MODEL SINGLE HEADING 514M 
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APPENDIX N VENTSIM MODEL MULTI HEADING 
 Heading 1 (Decline) 
Heading 2 (Prod drive) 
Heading 3 (Prod drive) 
Heading 4 (Adit) 
Exhaust Fans 
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Heading 1 (Decline) 
Heading 2 (Prod drive) 
Heading 3 (Prod drive) 
Decline Fan 
Heading 4 (Adit) 
Heading 1 (Decline) 
Decline Fan 
Heading 2 (Prod drive) 
Heading 3 access 
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APPENDIX O VENTSIM MODEL MONITORING CHARTS: AN EMULSION 
 
Single heading, 212.3m: Primary Exhaust Fan Monitoring Station, CO concentration 
 
 
Single heading, 212.3m: RAR/Decline Monitoring Station, CO concentration 
 
 
Single heading, 212.3m: Decline Face Monitoring Station, CO concentration 
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Single heading, 514m: Primary Exhaust Fan Monitoring Station, CO concentration 
 
 
Single heading, 514m: RAR/Decline Monitoring Station, CO concentration 
 
 
Single heading, 514m: Decline face Monitoring Station, CO concentration 
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Multi heading: Exhaust 1 Monitoring Station, CO concentration 
 
 
Multi heading: Exhaust 2 Monitoring Station, CO concentration 
 
 
Multi heading: Heading 1 Monitoring Station, CO concentration 
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Multi heading: Heading 2 Monitoring Station, CO concentration 
 
 
Multi heading: Decline RAR Monitoring Station, CO concentration 
 
 
 
Multi heading: Heading 3 Monitoring Station, CO concentration 
 
173 
 
 
Multi heading: Heading 3 RAR Monitoring Station, CO concentration 
 
 
Multi heading: Heading 4 Monitoring Station, CO concentration 
 
 
Multi heading: Heading 4 RAR Monitoring Station, CO concentration 
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APPENDIX P VENTSIM MODEL MONITORING CHARTS: ALTERNATIVE 
EXPLOSIVES 
 
Single Heading Decline, 212.3m: Exhaust Monitoring Station, CO concentration 
 
 
Single Heading Decline, 212.3m: Decline/RAR Monitoring Station, CO concentration 
 
 
Single Heading Decline, 212.3m: Decline Monitoring Station, CO concentration 
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Single Heading Decline, 514m: Exhaust Monitoring Station, CO concentration 
 
 
Single Heading Decline, 514m: RAR Monitoring Station, CO concentration 
 
 
Single Heading Decline, 514m: Decline Face Monitoring Station, CO concentration 
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Multi Heading: Exhaust 1 Monitoring Station, CO concentration 
 
 
Multi Heading: Exhaust 2 Monitoring Station, CO concentration 
 
 
Multi Heading: Heading 1 Monitoring Station, CO concentration 
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Multi Heading: Heading 2 Monitoring Station, CO concentration 
 
 
Multi Heading: Decline RAR Monitoring Station, CO concentration 
 
 
Multi Heading: Heading 3 Monitoring Station, CO concentration 
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Multi Heading: Heading 3 RAR Monitoring Station, CO concentration 
 
 
Multi Heading: Heading 4 Monitoring Station, CO concentration 
 
 
Multi Heading: Heading 4 RAR Monitoring Station, CO concentration 
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APPENDIX Q FRAGMENTATION MODEL DESIGN INPUTS 
 
AN emulsion HP standard HP optimised
Explosives Type AN emulsion HP HP
Rock Dens. (g/cm3) 2.8 2.8 2.8
Joint spacing (m) 25 25 25
Rock Mass Structure (RMS) 50 50 50
Joint Orientation Factor (JPO) 20 20 20
Rock UCS (MPa) 131 131 131
Rock Blastability Index 48.28 48.28 48.28
Stemming length 0.4 0.4 0.4
Scaled Depth of Burial (SDOB) 1.20 1.20 1.20
Scaled Depth of Burial Stemming 1.00 1.00 1.00
Hole Diameter (mm) 45 45 45
Coupling (%) 100 100 100
Effective charge diameter (mm) 45 45 45
Spacing to Burden Ratio 1.035 1.035 1.020
B/De 18.889 18.889 21.778
Burden (m) 0.85 0.85 0.98
Spacing (m) 0.88 0.88 1.00
Presplit stand-off 0 0 0
Number of Burdens Across Blast 1 1 1
Bench Height (m) 4.1 4.1 4.1
Sub Drill (m) 0 0 0
Designed Powder factor (kg/m3) 1.93 1.59 1.22
Powder Factor based on BI (kg/m3) 0.54 0.54 0.54
Scaled Burden (m/(kg/m)^-0.5) 0.63 0.70 0.81
Energy Factor 1.72 2.41 1.84
Average In-hole Density 1.15 0.93 0.93
RWS 89.0 151.0 151.0
VOD (m/s) 4500.00 5498.00 5498.00
Rock Sonic Velocity (m/s) 5000.00 5000.00 5000.00
Drilling Cost/m 220.00 220.00 220.00
Explosive Cost/kg 5.00 5.00 5.00
Initiation Cost/Hole 200.00 200.00 200.00
Other Costs/Hole (Gas Bags)
Overhead Cost/m3
Spacing / Burden ratio 1.04 1.04 1.02
ASV 3.38 5.74 5.74
RBS (calc) 127.9 175.5 175.5
Borehole Pressure (GPa) 2.92 3.53 3.53
Mean Fragment Size (cm) 3.30 2.66 3.30
